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ABSTRACT
Diagnostic Test and Analytical Methods for 
Resolving Fan/Motor Vibration Problems 
in Air-Conditioning Units
by 
Qin Liu
Dr. Douglas D. Reynolds, Examination Committee Chair 
Professor o f Mechanical Engineering 
University of Nevada, Las Vegas
Dr. Mohamed B. Trabia, Examination Committee Chair 
Professor of Mechanical Engineering 
University of Nevada, Las Vegas
The objective o f this thesis is to develop test and analysis procedures to revise 
ASHRAE Standard 87.1 Standard for small (<36 in. diameter) propeller fans. Test and 
analysis procedures also need to be used to convert AHRAE Standard 87.1 — 1992 test 
results where the fan hub mobility is zero to corresponding results that will exist with a 
finite (nonzero) hub mobility.
In this project, the vibration modes o f a  fan with three cambered blades were 
investigated. Experimental and Finite Element Analysis (PEA) was performed on the fan 
blade and the fan-motor unit. The project compared the results obtained from the PEA 
and experimental modal analysis of the fan assembly. A very good correlation between 
PEA and the experimental modal analysis was found.
til
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GLOSSARY
Acceleration: The time rate o f change in veIocity(ft/sec2 or m/sec2 or gravity). The 
second derivative of displacement with respect to time.
Accelerometer. Transducer used to measure acceleration or time rate of change in 
velocity.
Displacement: A vector quantity specifying the change in the position of a body from its 
reference position.
Elasticity: The property that enables a  body to resist and recover from deformation 
produced by a force.
Frequency: Rate o f oscillation; number of oscillations per unit of time; the number of 
complete cycles per unit o f time. One hertz (Hz) is one cycle per second.
Hertz: A unit of frequency (cycles per second).
Latency: The time interval between the application of force or stimulus and the 
appearance of a response.
Mass: Quantity of matter; the inertial resistance; of a body to acceleration.
Resonance: The tendency o f a body to act in concert with an externally generated 
vibration to amplify the impinging vibration; the amplification of an oscillation of a 
system by a force wave or oscillation of exactly equal period or frequency.
Stiffness: The ratio of force or torque to the resulting change in displacement of an elastic 
body.
Transfer function: The mathematical relation between the input into a system and the 
response.
Velocity: The first derivative o f displacement with respect to time (m/sec).
Vibration: The oscillation or periodic motion o f a rigid or elastic body from a position of 
equilibrium.
XVI
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACKNOWLEDGEMENTS
I would like to thank Dr. Mohamed B. Trabia and Dr. Douglas D. Reynolds, who are 
my advisors and the principle investigators of this project, for providing me valuable 
advice and funding me in my masters program here at University of Nevada, Las Vegas.
I would like to thank the committee members. Dr. Brendan O’Toole, Dr. Woosoon 
Yim and Dr. Barbara Luke, for their interest and willingness to sit on my defense 
committee.
Finally, I would like to thank my wife, Yayun Song, my sisters, Jian Liu and Jun Liu, 
my parents and other family members for their encouragement and understanding in my 
pursuit o f the degree.
xvii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 1 
INTRODUCTION
A lot o f vibration failures o f propeller fans in air conditioning units, heat pumps and 
similar heating, ventilating and air conditioning equipments are due to an incompatibility 
between the dynamic capabilities o f the fan and the dynamic requirements o f the 
application [3]. Fan vibration is related to a variety o f very different and potentially 
serious problems ranging from excessive noise to structural failure due to wear and 
fatigue [4].
Some researchers approached the problems o f measuring and modeling that were 
relevant to fan vibration. For example, Carnegie and Thomas [5], employed finite 
difference method to solve the blade vibration problem. Ramsey presented different 
techniques for structure dynamic testing [18]. Halvorsen and Brown [10], developed 
impulse technique for modal tests in 1977. Leissa [14], also developed both analytical 
methods and experimental measurement techniques for the vibration behavior o f a 
rotating blade. Mahrenholtz [15], found that the stability o f the fan vibration is affected 
by the centrifugal force due to the rotation, the stagger angle, the pretwist and the taper o f 
the blades. Fan, et al. [7] took experiment and finite element analysis on a rotating blade 
and pointed out that the increase o f natural frequency o f all the modes is a nonlinear 
function o f the rotating speed. Gibson [9], pointed out the impact test on fan blade may
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
be also performed by using a strain gage as a reference and dead blow hammer instead of 
an instrumented impact hammer.
Some other researches also studied the effects o f rivets on the joints. Such as 
Ladkany, et al. [11-13], pointed out that the riveting technique and the degree o f screw in 
the blade significantly affect the dynamic behavior of a fan. Patronelli, et al. [17], 
developed analytical and optimization method to identify a mathematical failure criterion 
o f the riveted joint. Fung and Smart [8], analyzed the riveted single lap joints with either 
one or two-rows o f rivets using finite elements and fatigue tests. Mizukoshi and Okada, 
[16], also studied the fatigue properties o f riveting joint, etc. However most o f the 
researchers except Ladkany [11-13] did not consider the effects o f the rivets during 
vibration.
O f particular interest are the research efforts sponsored by ASHRAE (American 
Society o f Heating, Refrigerating, and Air-Conditioning Engineers). ASHRAE held a 
symposium on propeller fan vibration at the 1973 ASHRAE Annual Meeting in 
Louisville [1]. In 1980, funded research project No. 266 -  Propeller Fan Dynamics [20, 
21]. Based on this project, in 1983, ASHRAE published the ASHRAE Standard 87.1- 
1983: “Method o f Testing Dynamics Characteristics o f  Propeller Fans -  Aerodynamically 
Excited Fan Vibrations and Critical Speed” [2].
Discrepancies have been reported by users that the procedures outlined in the 
standard for determining fan resonance frequencies and corresponding critical fan speeds 
did not take into account the effect o f centrifugal stiffening on propeller fan critical 
speed. The resonance frequencies o f all blade modes were shifted upward in operation by 
the stiffening effect o f  the centrifugal forces acting on the blades [6]. This became an
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
important factor when converting from the resonance frequencies determined from static, 
non-rotating fan tests to the corresponding critical speeds o f fan in operating.
As a result, in 1985 ASHRAE funded Research project No. 477: “Development of a 
Method to Predict Vibration Response o f Propeller Fans under Actual Operation 
Conditions”, provided revisions in ASHRAE Standard 87.1 -  1983, which more 
accurately incorporated the effects of centrifugal blade stiffening when transforming from 
fan resonance frequencies to corresponding fan critical speeds [11-13, 19]. The results of 
this project were incorporated into ASHRAE Standard 87.1 -  1992: “Method o f Testing 
Fan Vibration -  Blade Vibration and Critical Speeds” [2].
Experience has shown that the fan failures occur as a result o f vibration modes 
associated with the interaction between the fan impeller and the fan motor and the motor 
structural support system. Several o f these modes associated with fan unbalance, 
aerodynamic forces, motor torque pulsations and blade flutter, were identified in a 
seminar at 1986 ASHRAE Annual Meeting in Ottawa. These vibration modes cannot be 
identified using the procedures outlined in ASHRAE Standard 87.1 -  1992.
To properly identify these vibration modes, it is necessary to analyze the fan 
assembly consisting o f fan impeller, motor/drive, and motor supporting structure. In 
1993, ASHRAE funded project No. 685: “Test and Analysis Methods for Resolving 
Fan/Motor Vibration Problems in Air-Conditioning Units”, was carried out to identify 
vibration modes associated with fan impeller unbalance and motor torque pulsations. This 
project provided basic analytical equations as well as experimental procedures and 
related instrumentation to measure and quantify the rigid-body vibration modes 
associated with the fan impeller, motor and motor mount o f small (< 36 in. diameter fan
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impeller) direct-drive propeller fans that are excited or effected by fan impeller unbalance 
and the gyroscopic effect o f the rotating rotor and fan impeller on the motor and motor 
supporting structure. It also developed experimental procedures to measure the effects of 
torsional vibration associated with motor torque pulsations on the motor stator and motor 
support structure and on the motor rotor, motor shaft and fan impeller. This project was 
used to develop ASHRAE Standard 87.3: “Method o f Testing Propeller Fan Vibration -  
Diagnostic Test Methods”, [22-25].
Two areas have not been specified in these three ASHRAE funded projects. The first 
research area not addressed by these three projects is associated with the properties of the 
motor and its support structure, which can have a significant effect on the resonance 
frequencies. The second research area is associated with the test procedures that are used 
to measure the resonance frequencies and corresponding mode shapes o f  a fan impeller. 
The reason these two areas were not addressed in ASHRAE research project No. 266 and 
477 is because o f the high cost of the two-channel FFT instrumentation and PC based 
finite element software at that time. These effects were not investigated in ASHRAE 
research project No. 685 because they were beyond the scope o f this project.
In ASHRAE Standard 87.1 — 1983 and its revision ASHRAE Standard 87.1 — 1992, 
the experimental procedures are developed with the fan rigidly mounted to an effective 
infinite mass (zero mobility— hub velocity equals to zero). However there are differences 
between fan impeller vibration test results obtained from ASHRAE Standard 87.1 - 1992 
and similar results obtained when the fan impeller is mounted on a motor shaft in an air- 
conditioning unit. When mounted in an air-condition unit, the fan hub mobility is not zero 
but has finite values as a function o f  frequency. In order to simulate actual fan impeller
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applications more accurately, test and analysis procedures should be developed to address 
this.
One objective o f  ASHRAE Research Project 685 was to analyze and model the 
torsional vibration mode o f the fan system. However the project did not model the fan 
impeller as a thin flexible mass. While as a thin flexible mass, the fan impeller has its 
own resonance characteristics that are independent o f its interaction with the motor rotor 
and shaft. These characteristics will be affected by the motor rotor and shaft when it is 
attached to the motor shaft and will result in a complex axial and torsional vibration 
system. More information associated with fan torsional vibration is needed for the fan 
system that is excited by motor torque pulsation.
In order to address the problem outlined above and provide bases for the future 
revision o f ASHRAE Standard 87.1 -  1992 and development o f ASHRAE Standard 87.3, 
a new project was funded by ASHRAE -  Diagnostic Test and Analytical Methods for 
Resolving Fan/Motor Vibration Problems in Air-Conditioning Units. The objectives of 
this research project were:
• Develop vibration test and analysis procedures that can be used to revise 
ASHRAE Standard 87.1 for small (< 36 in. diameter) propeller fans.
• Develop vibration test and analysis procedures that can be used to convert 
ASHRAE Standard 87.1 — 1992 test results for small propeller fans that are 
obtained for the case where the fan hub mobility is zero to corresponding results 
that will exist with a finite hub mobility that is characteristic o f typical field 
installations.
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■ Develop calibration and test procedures for using experimental modal analysis 
techniques to investigate and quantify the vibration characteristics o f small (< 36 
in. diameter) propeller fans.
■ Develop methods to reduce time needed to investigate new fans or to qualify 
existing ones by utilizing commercially available Finite Element Analysis (PEA) 
software.
In this project, a fan with three cambered blades riveted to a twisted spider was 
investigated. Both experiments and PEA were taken according to two cases:
• The fan impeller was mounted onto an inertia base according to ASHRAE 87.1— 
1992 Standard.
■ The fan impeller was mounted to the shafl/rotor, which was then freely suspended 
by an elastic rope. The shaft was directly connected to the rotor. In PEA, two 
different ways o f  modeling the freely suspended boundary conditions were 
investigated:
1. Boundary conditions were added on the shaft at the bearing location to 
simulate bearings.
2. The fan was freely suspended by a rope, which was modeled using soft solid 
elements and soft beam element. In both cases, translations in x, y and z 
direction at the top nodes o f rope were constrained.
The commercially available software packages: SignalCalc and Star Modal were used 
for data collecting, processing and determination o f  frequencies and modes respectively 
in the tests. The commercially available software package ANSYS was used for PEA in 
this project.
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CHAPTER 2
MODAL TESTING OF FAN BASED ON 
ASHRAE 87.1 STANDARD 
This chapter introduces the modal tests o f fans without shaft/rotor base on ASHRAE 
87.1-1992 Standard. ASHRAE 87.1 Standard is reviewed in the first section of the 
chapter. Then test instruments, test procedures are introduced. Finally the test results 
including resonance frequencies and mode shapes are given and described.
Two software packages were used in the test to process the data: SignalCalc and SMS 
Star Modal. SignalCalc is a FFT software package and it was used to process the 
transducer signals generated by transient excitations. The data were exported to SMS Star 
Modal, which was used to determine the resonance frequencies and mode shapes o f the 
fan impeller. The setups o f  these two software packages are described in Appendix A and 
Appendix B respectively.
2.1 Review o f ASHRAE 87.1 Standard 
ASHRAE 87.1-1992 Standard [2] provides a standard method for testing propeller 
fans o f a built-up or monolithic construction and with/without resilient hubs. The sizes of 
fan range from 10 in. to 30 in. in diameter. The Standard requires the fan to be mounted 
rigidly to an inertia base through a standoff block. The standoff block is bolted to the
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inertia base. The fan is clamped to the standoff block using spherical washers on both 
sides o f the hub. The inertia base shall be at least 50 times the weight o f the fan. The 
lateral resonance frequencies o f the standoff block should be higher than 500 Hz. Figure 
2-1, which is based on Figure 5-5 of ASHRAE 87.1 Standard, shows the test setup of the 
fan [2].
Typical Spherical Washer 
Assembly (See Figure 6-11 Threaded Rod to Match Bore
Typical Fan 
Assembly
3 in (75mm) Minimum Diameter
Bored Standoff Inertia Base with Single 
Hole or S lotted  Tie Down
Figure 2-1. Standoff configuration in experiment
When transient excitation is used, the impact should be at a point near the tip of the 
blade. The impact should be applied with a suitable hammer with a soft rubber tip. The 
Accelerometer should be located at the tip o f a blade adjacent to where the blade 
excitation is applied. The tests should repeat B times with excitation applied to a different 
blade each time, where B is the number o f  blades of the fan. For a three-blade fan, the 
Standard determines the mode shapes corresponding to each resonance frequency 
according to Figure 2-2. It also specifies that if  the response o f each point near the outer
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edge o f the reference blade is in phase with the reference location, the mode is flapping 
mode. If there is a single phase shift of approximately 180° across the width o f the blade, 
the mode is twisting mode. If  there are two phase shiftsof approximately 180“ each across 
the width o f the blade, the mode is a camber mode [2].
Cyclic Modes with (I) 
Cycle o f Phase Reversal
Collective Modes (No 
phase Reversals)
I
C3
No. o f Nodal Lines:
S ta tic  Resonance 
Frequency: Hz
No. o f  Nodal Lines: 0
S ta tic  Resonance 
Frequency: Hz
■  Imi
• i
No. o f  Nodal Lines: 0No. of Nodal Lines:
S ta t ic  Resonance 
Frequency: I
S ta t ic  Resonance 
Frequency:Hz rtz
Figure 2-2. Mode shape identification criteria
2.2 Test instruments
The instruments used to make vibration measurements in the test are listed as follows. 
Table 2-1 and Table 2-2 show the specifications o f accelerometer and impact hammer.
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■ a personal computer
■ PCB086C02 impact hammer
■ PCB352C22 accelerometer
■ PCB480D06 power unit (transducer amplifier)
• a PCMCIA card
• cables
Table 2-1. Accelerometer specification
Model No. 352C22
Serial No. 24255
Volt Sensitivity 9.68 mV/g
Frequency Range 1-10000 Hz
Bias Level 9.0 V
Table 2-2. Impact hammer specification
Model No. 086C02
Frequency Range 8 kHz
Hammer Range (5V output) 100 Ibf
Hammer Sensitivity 50 mV/lbf
Resonant Frequency 31 kHz
Hammer Mass (w/o extender) 0.3 lb
Head Diameter 0.6 in
Tip Diameter 0.25 in
Handle Length (nominal) 8 in
To process the signals generated by the hammer and the accelerometer, a power unit. 
Figure 2-3, and a PCMCIA card. Figure 2-4, were used. The hammer and accelerometer
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were connected to a power unit respectively, and then connected to the computer by 
means of the PCMCIA card. Table 2-3 shows the specifîcation o f the power unit. Table 
2-4 shows the specification of PCMCIA card. According to ASHRAE 87.1 -1992 
Standard, the instruments were connected as shown in Figure 2-5.
Figure 2-3. Power unit
Figure 2-4. PCMCIA connector
Table 2-3. Power unit specification
Model No. 480D06
DC Voltage 27 V
Excitation Current 2 MA
Selectable Gain 1,10 & ICO
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Table 2-4. PCMCIA card specification
Model No. ACE
Dynamic Range 100 dB
Real-time Rate 20 kHz
Miscellaneous Info 2 inputs, 2 outputs
32-bit, 50 MHz floating point
DSP
PCMCIA Type III
Impact
Location
hammer
cable Power
unit Accelerometer
PCMCIA
connector
Computer Power unit
Figure 2-5. Block diagram o f instrument connection
2.3 Test procedure and results 
In the tests, the fan was rigidly mounted by clamping the hub and using spherical 
washers on both sides o f the hub. An accelerometer was situated at the tip of a blade. 
Figure 2-6 shows the test setup.
Two software packages were used in the test: SignalCalc and SMS Star Modal. 
SignalCalc processed the signals generated by the impact hammer. The data were then 
exported to SMS Star Modal, which processed these data and determined the resonance
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frequencies and mode shapes of fan. The setups of SignalCalc and Star Modal are 
described in Appendix A and B respectively.
Before starting the test, the accelerometer and impact hammer were calibrated. The 
calibration procedure is described in Appendix C. Once the accelerometer and impact 
hammer were calibrated, tests could begin. In each test, the hammer was used to hit one 
point vertically. Each test was repeated three times. The procedure was repeated for other 
test points with the corresponding data collected and stored in SignalCalc.
UMU.V4-1 \
Figure 2-6. Test setup
2.3.1 Seven-point fan model 
Each fan blade was first represented using two points. Figure 2-7. A point on the hub 
was identified. The accelerometer was fixed at point 2. In each experiment the hammer 
was used to hit one point vertically. The procedure was repeated for all the points with 
the corresponding data collected and stored in SignalCalc. Hgure 2-8 represents typical 
results in this case in SignalCalc, in which point 1 was hit. The peaks in Figure 2-8
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represent the resonance firequencies of the fan impeller. Data were collected for all points. 
Once the data were collected in SignalCalc, they were exported to SMS Star Modal.
4
(accelerometer)
Figure 2-7. Fan impeller discretization
\
r—  — * ■ — -- - A A '
Figure 2-8. Typical frequency response curve
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In SMS Star Modal, the geometry of the fan was first defined. The coordinates of the 
seven points were input. Figure 2-9 shows the coordinates o f these points. The 
connectivities o f these points were defîned, i.e. adding appropriate lines to connect each 
two points. The fan model used in Star Modal is shown in Figure 2-10.
0.00
Point Od#1 D d#2 Dd#3 Component Type
1 270.00 m oo aoo FAN R
2 270100 -moo 0.00 FAN R
3 2242 -298:83 0.00 FAN R
4 •247.58 -16582 aoo FAN R
5 -247.58 168.82 aoo FAN R
6 -2242 298.83 FAN R
7 0.00 0.00 aoo FAN R
Figure 2-9. Coordinates o f points representing fan 
in Star Modal (in nun.)
Figure 2-10. Seven-point fan model
After the geometry o f the fan model was defined, the data exported from SignalCalc 
were opened in Star Modal. Polynomial curve fitting was used to fît each frequency band
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of one typical frequency curve that was imported. All other curves were then auto fit (See 
Appendix B). Table 2-5 shows the results after auto fitting the measurements.
Table 2-5. Resonance frequencies with seven points on the blades
No. Frequency (Hz)
1 20.42
2 20.83
3 22.89
4 34.10
5 35.21
6 38.01
7 74.80
8 76.20
9 81.80
10 93.20
11 96.32
12 99.00
13 107.58
14 108.99
15 115.47
16 167.86
17 184.03
18 228.11
19 234.42
20 240.90
To identify the modes corresponding to each frequency, the “show structure” window 
was opened. Figure 2-11 shows that the first three modes are flapping in which the third 
is the collective mode. The next three are twisting modes. Figure 2-12. The sixth mode is 
the collective twisting mode o f  the blades. Figure 2-13 to Figure 2-17 represents higher
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order flapping modes o f the blades except mode shapes in Figure 2-16 that were 
uncertain (to be discussed in Chapter 3).
a. Non-collective mode (20.42Hz)
b. Non-collective mode (20.83Hz)
X
c. Collective mode (22.89 Hz) 
Figure 2-11. First order flapping modes
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a. Non-collective mode (34.10 Hz)
18
b. Non-collective mode (35.21 Hz)
Y , X
c. Collective mode (38.01 Hz) 
Figure 2-12. First order twisting modes
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a. Non-collective mode (74.80 Hz)
V. X
b. Non-collective mode (76.20 Hz)
Y. X
C. Collective mode (81.80 Hz) 
Figure 2-13. Second flapping modes
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a. Non-collective mode (93.20 Hz)
20
Y, X
b. Non-collective mode (96.32 Hz)
Y, X
c. Collective mode (99.00 Hz) 
Figure 2-14. Second twisting modes
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Y, X
a. Non-collective mode (107.58 Hz)
Y.
b. Non-collective mode (108.99 Hz)
c. Collective mode (115.47 Hz) 
Figure 2-15. Camber modes
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a. Mode shape at 167.86 Hz
b. Mode shape at 184.03 Hz 
Figure 2-16. Uncertain mode shapes
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a. Non-collective mode (228.11 Hz)
b. Non-collective mode (234.42 Hz)
c. Collective mode (240.90 Hz) 
Figure 2-17. Camber modes
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
24
2.3.2 Representing fan model using more points 
Figure 2 -II to Figure 2-17 show that the seven-point model was enough to observe 
lower-frequency modes but may not be sufficient to describe higher frequency modes. 
For better insight, each blade was modeled by using three, six and nine points for each 
blade in addition to a separate point for hub. Figure 2-18 a, b and c.
a. Ten-points fan model
b. Nineteen-points fan model
c. Twenty-eight-points fan model 
Figure 2-18. Different methods for fan impeller discretization
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Similar steps were taken: the data were exported to SMS Star Modal and the curves 
were auto fiL Though using ten, nineteen or twenty-eight points could get frequency 
responses that are very close to that o f using seven points, no model gave better 
identification o f higher frequency mode shapes. For simplicity, seven points can be used 
for the tests. Table 2-6 shows the comparison o f frequencies o f these cases.
Table 2-6. Comparison o f frequency response of 
different points on the fan
No.
Frequency in 
case o f 7 
point on fan 
(Hz)
Frequency in 
case o f  10 
points on fan 
(Hz)
Frequency in 
case of 19 
points on fan 
(Hz)
Frequency in 
case o f  28 
points on fan 
(Hz)
Mode
description
1 20.42 20.06 20.44 20.46
1st flapping2 20.83 20.46 21.37 21.69
3 22.89 22.76 22.67 22.89
4 34.10 34.00 34.63 35.20
1 St twisting5 35.21 35.06 35.06 35.51
6 38.01 38.24 38.18 38.12
7 74.80 75.20 68.94 75.18
2nd flapping8 76.20 77.28 75.33 75.41
9 81.80 80.94 76.13 81.57
10 93.20 93.30 92.81 92.81
2nd twisting11 96.32 95.28 93.39 93.33
12 99.00 99.64 98.86 98.91
13 107.58 107.76 102.07 107.49
camber14 108.99 110.83 107.12 108.25
15 115.47 118.36 112.79 110.22
16 167.86 167.46 168.10 167.50
17 184.03 183.67 183.43 187.70
18 228.11 225.55 210.04 224.38
camber19 234.42 230.99 231.61 233.39
20 240.90 243.33 236.80 240.76
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2.4 Tests o f fan investigating the effects o f standoff block
2.4.1 Test o f fan with standoff block fixed 
In this test, the standoff block was investigated together with the fan assembly. The 
fan was modeled using seven points (one point for the hub) and one point was used to 
represent the fixed end o f  the standoff block. Figure 2-19 shows the model used in Star 
Modal. The line connecting point 7 and 8 represented the standoff block. Similar 
procedures were taken in the test. All eight points were excited. Figure 2-20 shows a 
typical frequency response curve that was obtained in SignalCalc, which was close to the 
curve in Figure 2-8. Figure 2-21 and Figure 2-22 show the two mode shapes o f fan with 
standoff block at frequencies o f  161 Hz and 181 Hz respectively. Table 2-7 shows 
comparison o f the resonance frequencies obtained in the test with those o f the test using 
seven points. The mode shapes developed in Star Modal gave similar views as that o f the 
model using seven points.
X
Figure 2-19. Test setup o f fan with standoff block fixed
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Figure 2-20. Frequency response in test of fan, standoff block fixed
Figure 2-21. Mode shape at 161 Hz
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Ui X
Figure 2-22. Mode shape at 181 Hz
Table 2-7. Comparison o f frequency response o f using 
seven and eight points on the fan
No.
Frequency of 
fan without 
standoff block 
(Hz)
Frequency of 
fan with 
standoff block 
(Hz)
I 20.42 20.03
2 20.83 20.83
3 22.89 22.89
4 34.10 35.24
5 35.21 35.39
6 38.01 38.32
7 74.80 74.19
8 76.20 74.78
9 81.80 77.46
10 93.20 92.61
11 96.32 93.72
12 99.00 95.05
13 107.58 105.97
14 108.99 106.62
15 115.47 112.05
16 167.86 161.86
17 184.03 181.41
18 228.11 230.68
19 234.42 248.21
20 240.90 253.47
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2.4.2 Test o f  freely suspended fan with standoff block 
In this test, the fan was rigidly mounted to the standoff block by screws on both sides 
o f the block. Then the whole system was freely suspended by a rope. Figure 2-23 shows 
the setup o f this test. Excitation was applied to the fan blades in vertical direction. Figure
2-24 shows a typical frequency response curve in SignalCalc. From the curve, it can be 
seen that the two peaks at 150 Hz and 189 Hz were significant while in Figure 2-8 they 
occurred at 167.8 and 184.0 Hz respectively. Table 2-8 shows the frequencies obtained 
in the test.
rope
threaded rod
standoff block
screw
fan blade
hub
Figure 2-23. Test setup o f freely suspended fan with standoff block
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r
Figure 2-24. Frequency response of freely suspended fan with standofr block
Table 2-8. Experimental results o f freely suspended fan with standofr block
No. Frequency (Hz)
I 24.49
2 25.84
3 26.89
4 37.59
5 37.89
6 38.58
7 76.84
8 78.03
9 81.88
10 92.73
11 93.82
12 94.49
13 96.84
14 98.12
15 101.26
16 150.07
17 188.91
18 227.19
19 231.81
20 240.45
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2.4.3 Test o f  freely suspended fan 
In this test, the fan was freely suspend by a rope. Figure 2-25 shows the test setup. 
Excitation was applied on the blades in vertical direction. Figure 2-26 shows a typical 
frequency response curve in SignalCalc. Table 2-9 shows the experimetal results of freely 
suspended fan.
JM
rope
fan blade
hub
Figure 2-25. Test setup o f freely suspended fan
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/
Figure 2-26. Frequency response in test o f freely suspended fan
Table 2-9. Experimental results o f freely suspended fan
No. Frequency (Hz)
I 31.18
2 31.18
3 32.39
4 42.21
5 43.13
6 43.55
7 64.21
8 65.46
9 68.25
10 92.23
11 93.64
12 96.08
13 107.75
14 110-45
15 111.08
16 170.99
17 188.22
18 260.73
19 264.31
20 265.59
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Table 2-10 compares the frequencies o f  fan mounted to the inertia base via standoff 
block with freely suspended fan with standoff block and freely suspended fan without 
standoff block.
Table 2-10. Comparison o f results o f different boundary 
conditions on the fan
No.
Frequency o f fan 
rigidly moimted to 
inertia base via 
standoff block (Hz)
Frequency o f freely 
suspended fan with 
standoff block (Hz)
Frequency o f freely 
suspended fan (Hz)
1 20.42 24.49 31.18
2 20.83 25.84 31.18
3 22.89 26.89 32.39
4 34.10 37.59 42.21
5 35.21 37.89 43.13
6 38.01 38.58 43.55
7 74.80 76.84 64.21
8 76.20 78.03 65.46
9 81.80 81.88 68.25
10 93.20 92.73 92.23
11 96.32 93.82 93.64
12 99.00 94.49 96.08
13 107.58 96.84 107.75
14 108.99 98.12 110.45
15 115.47 101.26 111.08
16 167.86 150.07 170.99
17 184.03 188.91 188.22
18 228.11 227.19 260.73
19 234.42 231.81 264.31
20 240.90 240.45 265.59
From Table 2-10, it can be seen that when the boimdary conditions o f  the fan were 
changed from being rigidly mounted to the inertia base via standoff block to fieely
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suspension o f fan with standoff block, to freely suspension o f  fan without standoff block, 
the frequencies corresponding to first flapping and first twisting modes were increased. 
The changes o f boundary conditions also changed the resonance frequencies. This 
occurred because the effective mass on the hub was lowered down from the first case to 
the third case. For higher modes the frequencies did not change much.
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CHAPTER 3
FINITE ELEMENT ANALYSIS OF FAN BASED 
ON ASHRAE 87.1 STANDARD
In this Chapter, the modal analysis o f fans using Finite Element Analysis (FEA) 
according to ASHRAE 87.1 Standard is presented. One FEA software package. ALGOR, 
was initially used for the finite element analysis, but it was then proved inaccurate. 
Therefore the finite element analysis was switched to another software: ANSYS, which 
was used throughout this project.
Four attempts were taken to model the fan assembly using ANSYS. The results o f 
these attempts were compared and investigated afterwards.
1. The blades, spider and hub o f the fan were all rigidly connected. Shell elements 
were used to model all these components.
2. Rivets connecting the blades and spider were added. Solid elements were used to 
model the rivets and the hub.
3. Modifications were taken in several aspects: material properties, geometry 
characters and element type o f rivets, influence o f accelerometer to the fan and 
modification to the connection between blades and spider.
35
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4. The influence o f the standoff block to the fan was examined. The block was 
modeled using solid elements, and different boundary conditions on it were also 
investigated.
3 .1 Modeling o f boundary condition o f fan 
based on ASHRAE 87.1 Standard 
According to ASHRAE 87.1 Standard, a standoff block should be rigidly mounted to 
an inertia base and the fan should be rigidly mounted to the standoff block. The 
configuration is shown as Figure 2-1, Chapter 2. The lowest resonance frequency o f  the 
standoff block should be above 500 Hz. It is therefore considered infinitely rigid since the 
fan’s resonance frequencies o f interest are much lower. Therefore the fan was modeled as 
rigidly mounted to an inertia base through the center o f the hub and the block was not 
included in the model. This assumption was examined by fully fixing the nodes on the 
inner surface of the hub.
3.2 Analysis o f fan model using ALGOR 
The finite element analysis in this project was started using ALGOR FEA software. 
ALGOR can directly interface with solid modeling CAD packages. It can create models 
composed o f several types of elements. Additionally, it is extensively used by the project 
personnel.
The actual fan geometry and properties were provided by the fan manufacturer. Table
3-1 shows the material property o f the blades and other parts. The fan geometry is shown
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in Figure 3-1. The original fan model used plate elements for the blades, spider and hub. 
For simplicity, the spider, hub and blades occupied the same plane in the original model.
Hgure 3-1. Original fan model in ALGOR
Table 3-1. Material property of fan model
Modulus of 
Elasticity 
(lbfirin'^2)
Poisson s Ration Density(lbf*s^2/in/in^3)
Blade 2.80E+07 0.29 7.50E-04
All other parts 2.80E+07 0.3 7.50E-04
When the center of the hub was fully clamped, the first flapping mode of the blades 
occurred at 34.60 Hz, which is much higher than experimental result of 20.42 Hz. 
Therefore the initial model was subjected to several modifications including:
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■ Blades moved away from spider, rivets added between spider and blades using 
brick elements. The length o f rivets equaled to half o f  the total thickness o f  blade 
and spider.
■ Hub created using brick elements
■ Blades and spider switched from plate elements to brick elements.
The analytical results after above modifications are shown in Table 3-2. The average 
difference (on the last line of the table) is calculated by following equation;
Z(difr,)=
avg.diff.% = V.!:i----------- (3-1)
1 n
-diffj : each available difference%
- n: total number o f  available difference%
The table shows that the difference percentages compared with experimental results 
are extremely high especially for the first flapping and twisting modes. During this stage, 
it was also noticed that:
" Using brick elements for spider and blades increased the computational time 
significantly without contributing toward making the results more accurate.
• Using brick element for hub increased the accuracy o f the results a little.
■ ALGOR could predict flapping and twisting mode shapes accurately, but the 
frequencies calculated by it were consistently higher than experimental results. 
Although ALGOR is an effective tool for finite element analysis in many cases, for 
such a complicated model as the fan impeller, it was not accurate enough to predict the 
resonance frequencies. Extensive consultations with the technical support staff o f 
ALGOR did not lead to any significant change in the results predicted by ALGOR.
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Therefore another software package, ANSYS, was used for the remainder o f the finite 
element analysis o f this project. ANSYS is more powerful, with higher computational 
speed and more element types. For example, it has more than ten different 3-D solid 
element types available in structure analysis. It also has special element types for 
different applications. Appendix E shows a typical program o f ANSYS.
Table 3-2. Comparison o f ALGOR results with experimental results
No.
Solid hub and 
rivets 
(Hz)
Experimental
results
(Hz)
Difference (%) Modedescription
1 29.79 20.42 45.89
1st flapping2 29.80 20.83 43.06
3 35.04 22.89 53.08
4 66.63 34.10 95.40
1st twisting5 66.65 35.21 89.29
6 71.25 38.01 87.45
7 79.58 74.80 6.39
2nd flapping8 79.59 76.20 4.45
9 84.67 81.80 3.51
10 108.88 93.20 16.82
2nd twisting11 108.89 96.32 13.05
12 111.55 99.00 12.68
13 114.93 107.58 6.83
camber14 114.96 108.99 5.48
15 118.09 115.47 2.27
16 - 167.86 -
17 - 184.03 -
18 249.22 228.11 9.25
camber19 266.53 234.42 13.70
20 266.55 240.90 10.65
Average diff. % 42.59
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3.3 Analysis o f original fan model using ANSYS 
The same fan model as that used for ALGOR was analyzed in ANSYS. The original 
model used shell (plate) elements for the blades, spider and hub. Fig 3-2. The nodes at the 
inner circle o f the hub were fully restrained. Table 3-3 compares frequencies in ANSYS 
with experimental results. It can be seen that results in ANSYS were significantly more 
accurate compared with that obtained in ALGOR. Table 3-3 shows that the frequencies 
between 160 Hz and 180 Hz that appeared in the experiment are missing from the finite 
element analysis results. It was also observed that the first flapping mode o f  the blades 
occurred at 21.90 Hz (non-collective) and 24.60 Hz (collective mode). The first twisting 
mode occurred at 34.1 Hz (non-collective) and 36.20 Hz (collective mode), etc.
AN
Figure 3-2. Original fan model in ANSYS
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Table 3-3. Comparison o f ANSYS results and experimental 
results o f original model
No.
Original 
(shell for hub, no 
rivets)
(Hz)
Experimental
results
(Hz)
Difference (%) Modedescription
1 21.90 20.42 7.23
1st flapping2 21.94 20.83 5.33
3 24.60 22.89 7.48
4 34.12 34.10 0.04
1st twisting5 34.16 35.21 -2.98
6 36.21 38.10 -4.96
7 76.40 74.80 2.14
2nd flapping8 76.42 76.20 0.29
9 83.12 81.80 1.61
10 92.38 93.20 -0.88
2nd twisting11 92.46 96.32 -4.01
12 96.08 99.00 -2.95
13 114.84 107.58 6.75
camber14 114.85 108.99 5.38
15 120.88 115.47 4.69
16 - 167.86 -
17 - 184.03
18 236.14 228.11 3.52
camber19 240.16 234.42 0.02
20 240.17 240.90 -0.30
Average diff. % 4.16
3.4 Geometric modifications o f  the fan model 
Based on previous studies in ALGOR, the following features o f the original model in 
ANSYS were modified to get closer to the real fan assembly:
•  Hub created using solid elements. Figure 3-3.
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• Blades were moved away from the spider a distance equal to the sum o f half 
thickness o f  blades and spider.
• Connecting rivets were added between the blades and spider. Figure 3-4a. Each 
rivet was created by dividing the holes into several polygons and triangles and 
extruding them from blade to spider. Figure 3-4b shows that each rivet was made 
up o f five solid elements.
The material property o f rivets was the same as that shown in Table 3-1. The nodes 
on the inside surface o f the hub was completely fixed.
AN
Figure 3-3. Hub modeled using solid elements and clamped at the center
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Figure 3-4a. Connecting rivet between spider and blade
AN
Figure 3-4b. Rivet modeled using solid elements
Table 3-4 presents a comparison between resonance frequencies in ANSYS and 
experimental results. Compared with the results o f the original model, the frequencies 
were generally slightly lower as well as closer to the experimental results. Table 3-4 
shows that the frequencies between 160 Hz and 180 Hz that appeared in the experiment 
are missing from the finite element analysis results. More attempts to identify these
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frequencies had been taken on the following sections. Figure 3-5 to Figure 3-10 show the 
collective flapping, twisting and camber modes obtained from ANSYS. Not like other 
collective modes, the second collective camber mode occurred prior to two non-collective 
modes.
Table 3-4. Comparison of results o f model with solid hub 
and experimental results
No.
Solid hub and 
rivets 
(Hz)
Experimental
results
(Hz)
Difference (%) Modedescription
I 21.15 20.42 3.59
1st flapping2 21.39 20.83 2.68
3 24.53 22.89 7.18
4 34.50 34.10 1.17
1st twisting5 34.51 35.21 -1.99
6 36.88 38.10 -3.21
7 72.84 74.80 -2.63
2nd flapping8 73.22 76.20 -3.91
9 79.93 81.80 -2.28
10 90.61 93.20 -2.78
2nd twisting11 90.68 96.32 -5.85
12 94.64 99.00 -4.40
13 113.65 107.58 5.64
camber14 114.14 108.99 4.73
15 118.13 115.47 2.30
16 - 167.86 .
17 - 184.03 -
18 229.86 228.11 0.77
camber19 239.18 234.42 2.03
20 239.39 240.90 -0.63
Average diff. % 3.66
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25.101
Figure 3-5. First flapping mode (collective) at 24.53 Hz
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ANSYS 5.6.2 
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Figure 3-6. First twisting mode (collective) at 36.87 Hz
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ANSYS 5.6.2 
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Figure 3-7. Second flapping mode (collective) at 79.93 Hz
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Figure 3-8. Second twisting mode (collective) at 94.64Hz
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Rgure 3-9. Camber mode (collective) al 118.13 Hz
Brick-hub t  Rivets
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JUL 17 2001 
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Figure 3-10. Camber mode (collective) at 229.86 Hz
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3.5 Further fan modeling modifications 
To improve the accuracy o f the models discussed in previous sections, several 
attempts were taken to modify the models. These included modifying the material 
properties and geometries o f the rivets and the area around the rivets.
3.5.1 Modification o f  rivets material property 
According to previous studies [12], rivets will affect the frequencies o f the fan. The 
rivets were softened to get resonance frequencies closer to the experimental results. 
Therefore in the first attempt, the modulus o f elasticity (E) o f the rivets was reduced from 
its original value, 2.8*10^ psi, to 2.8*10'*psi. Different values of Poisson’s ratio (v) were 
also tested during each change o f the modulus o f elasticity : from its original value o f 0.30 
to 0.45. In all these cases, rivets were modeled using solid elements.
Table 3-5 compares the results o f models before and after the modification of 
modulus o f elasticity and Poisson’s ration with experimental results. These modifications 
result in slight improvement o f the accuracies o f the first flapping modes. It shows that 
the accuracies for most o f  the remaining modes deteriorate after modifying the modulus 
o f elasticity. It also shows that modifying Poisson’s ratio does not affect the frequencies 
as much as modifying the modulus o f elasticity does.
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Table 3-5. Comparison o f results before and after modifying E 
and V o f rivets with experimental results
No.
Solid
rivets
E
=2.8*10’ 
v = 0.30 
(Hz)
Solid
rivets
E
=2.8* 10-* 
V = 0.30 
(Hz)
Solid
rivets
E
=2.8*10"' 
V = 0.45 
(Hz)
Experimental
results
(Hz)
Difference
(%) 
(Column 
2 vs. 
column 5)
Difference
(%) 
(Column 
3 vs. 
column 5)
Difference
(%) 
(Column 
4 vs. 
column 5)
Mode
description
I 21.15 20.42 20.48 20.42 3.59 0.00 0.28
1st flapping2 21.39 20.62 20.68 20.83 2.68 -0.99 -0.71
3 24.53 23.30 23.40 22.89 7.18 1.79 2.21
4 34.50 31.70 31.85 34.10 1.17 -7.03 -6.59
1 St twisting5 34.51 31.73 31.89 35.21 -1.99 -9.88 -9.42
6 36.88 33.52 33.71 38.10 -3.21 -12.03 -11.52
7 72.84 62.90 63.39 74.80 -2.63 -15.91 -15.25
2nd flapping8 73.22 63.24 36.70 76.20 -3.91 -17.01 -51.84
9 79.93 69.35 69.86 81.80 -2.28 -15.22 -14.60
10 90.61 84.39 84.86 93.20 -2.78 -9.45 -8.95
2nd twisting11 90.68 84.46 84.96 96.32 -5.85 -8.90 -11.80
12 94.64 87.75 88.29 99.00 -4.40 -1.90 -10.82
13 113.65 97.12 96.88 107.58 5.64 -9.34 -9.95
camber14 114.14 97.54 97.20 108.99 4.73 -9.45 -10.82
15 118.13 98.69 98.08 115.47 2.30 -14.53 -15.06
16 229.86 196.28 196.15 167.86 36.94 16.93 16.85
17 239.18 200.19 199.33 184.03 29.97 8.78 8.31
18 239.39 201.99 200.77 228.11 4.94 -11.45 -11.99
camber19 272.54 260.12 260.29 234.42 i 16.26 10.96 11.04
20 273.06 260.41 260.48 240.90 13.35 8.10 8.13
Average diff. % 12.18 10.75 15.60
3.5.2 Modeling rivets using beam elements 
According to previous studies [12], the rivets may be modeled using beam elements. 
Each beam connects a node on the spider to a corresponding node on the blades. Figure 
3-I I . Nine beam elements represent one rivet. The area and area moment o f inertia o f
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each beam element is equal to those of the rivet divided by the number of beam elements. 
The material properties and geometrical characteristics o f the beam elements and solid 
elements for the rivets are compared in Table 3-6. In some other attempts, each rivet was 
also modeled using seven and six beam elements respectively. The results in these two 
cases are very close to that o f nine beams and are not listed here.
Figure 3-11. Rivets modified using beam elements
Table 3-6. Comparison of characteristics for beam 
elements representing rivets
Cross 
section area 
rin*2)
Moment of 
inertia 
(inM)
Modulus of 
Elasticity 
(lbfirin'^2)
Poissons
Ration
Density
(lbf*s^2/in/in^3)
Rivet using 
solid 
element
- - 2.80E+07 0.3 7.50E-04
Rivet using 
beam 
element
0.00136 2.67E-06 2.80E+07 0.3 7.50E-04
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Table 3-7 shows the comparison o f frequencies o f each rivet modeled using nine 
beams with the experimental results. The results showed that using beam elements for the 
rivets moved the frequencies closer to experimental results a little. The beam model 
however added uncertainty to the model by trying to guess values for the beam 
characteristics without improving the results significantly.
Table 3-7. Comparison o f results o f rivets modeled using beam 
elements with experimental results
No.
Solid hub and 
rivets for beam 
element (Hz)
Experimental
results
(Hz)
Difference (%) Modedescription
1 21.09 20.42 3.30
1st flapping2 21.32 20.83 2.35
3 24.46 22.89 6.85
4 34.27 34.10 0.49
1st twisting5 34.33 35.21 -2.50
6 36.64 38.10 -3.83
7 73.68 74.80 -1.50
2nd flapping8 74.04 76.20 -2.84
9 81.17 81.80 -0.78
10 91.61 93.20 -1.71
2nd twisting11 91.67 96.32 -4.83
12 95.66 99.00 -3.38
13 114.39 107.58 6.33
camber14 114.63 108.99 5.17
15 118.33 115.47 2.48
16 - 167.86 -
17 - 184.03 -
18 230.76 228.11 1.16
camber19 239.56 234.42 2.19
20 239.59 240.90 -0.54
Average diff. % 3.44
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3.5.3 Influence o f accelerometer
hi the experiment, an accelerometer was attached was attached at the tip o f one blade, 
(Figure 2-7). To check the influence o f the accelerometer on the test results, an extra 
element with mass was added to the model described in section 3.4 at the location of 
accelerometer on the fan blade to simulate the accelerometer. Figure 3-12. Table 3-10 
compares the results of the fan model with extra element with experimental results. It can 
be seen from the table that adding the accelerometer only moved the frequencies closer to 
the experimental results a little (0.02%).
1
B rick -h u b  £ R iv v ts
Figure 3-12. Fan model with an extra element 
representing accelerometer
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
53
Table 3-8. Comparison o f results o f  fan model with 
accelerometer and experimental results
No.
Frequencies
with
accelerometer
(Hz)
Experimental
results
(Hz)
Difference (%) Modedescription
1 21.05 20.42 3.07
1st flapping2 21.39 20.83 2.67
3 24.49 22.89 7.00
4 33.95 34.10 -0.45
1st twisting5 34.51 35.21 -1.99
6 36.61 38.10 -3.90
7 72.55 74.80 -3.01
2nd flapping8 73.22 76.20 -3.91
9 79.87 81.80 -2.36
10 90.25 93.20 -3.17
2nd twisting11 90.66 96.32 -5.88
12 94.50 99.00 -4.55
13 113.43 107.58 5.44
camber14 114.12 108.99 4.71
15 117.95 115.47 2.15
16 - 167.86 -
17 - 184.03 -
18 229.08 228.11 0.43
camber19 237.65 234.42 1.38
20 239.39 240.90 -0.63
Average diff. % 3.64
3.5.4 Influence o f rivets length 
The lengths o f rivets were also varied in order to investigate the influence o f the 
tightness o f the connection between the spider and blade on the FEA results [12]. In 
preceding sections, the distance between shell elements o f  the spider and blades was 
equal to half o f the total thickness o f the spider and blade. The rivets' length was equal to 
this distance. In this study, the rivets were kept as solid elements and the modulus of
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elasticity E was unchanged, 2.8* lO’ psi, while the rivets were lengthened to the length o f 
the total thickness o f the spider and blade. Table 3-9 shows the results after this 
modification. It can be seen that lengthening the rivets slightly increased the average 
difference (0.78%) between experimental and FEA results.
Table 3-9. Comparison o f results o f fan model with lengthened 
rivets and experimental results
No.
Solid hub and 
lengthened 
rivets 
(Hz)
Experimental
results
(Hz)
Difference (%) Modedescription
1 21.53 20.42 5.42
1st flapping2 21.77 20.83 4.52
3 25.15 22.89 9.88
4 35.77 34.10 4.89
1st twisting5 35.79 35.21 1.65
6 38.36 38.10 0.69
7 74.87 74.80 0.09
2nd flapping8 75.27 76.20 -1.22
9 81.59 81.80 -0.26
10 90.96 9320 -2.40
2nd twisting11 91.05 96.32 -5.47
12 95.26 99.00 -3.78
13 115.93 107.58 7.76
camber14 116.37 108.99 6.77
15 120.08 115.47 3.99
16 - 167.86 -
17 - 184.03 -
18 230.16 228.11 0.90
camber19 239.92 234.42 2.35
20 240-12 240.90 -0.32
Average diff. % 4.44
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3.5.5 Adding contact elements between spider and blades 
Further study o f the fan mode shape at 229.86 Hz for the model of section 3.4 
indicated there was a slight penetration between the spider and blade. Figure 3-13. which 
was due to the bending o f the blades around the rivets at this frequency.
Figure 3-13. Penetration between spider and blade at 229.86 Hz
The spider and blades can move away from each other without being influenced by 
these contact elements. To eliminate penetration, contact elements were added between 
the spider and blade. The modulus o f elasticity of contact element was 9.9*E+06 psi, and 
the density was l*E-07 lbPs'^2/in/in''3. The elements were active in compression-only to 
prevent the spider and blade from penetrating each other. Adding too many elements 
around the rivets would however produce significantly high results. Only a few 
compress-only elements were added at the comer o f the spider to prevent penetration. 
Figure 3-14. Figure 3-15 shows the corresponding mode shape after adding contact
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elements, with no penetration occurred. Results after adding compression-only (contact) 
elements are compared with experimental results in Table 3-10. Comparing Table 3-4 
with Table 3-10, it could be seen that after adding the contact elements, the frequencies 
were increased and the overall accuracy deteriorated slightly.
I;
Figure 3-14. Compression-only element between spider and blade
Figure 3-15. Mode shape at 231.94 Hz after adding compression-only elements
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Table 3-10. Comparison o f results o f  fan model with compression-only 
elements and experimental results
No.
Results after 
adding elements 
(Hz)
Experimental
results
(Hz)
Difference
(%)
Mode
description
I 21.25 20.42 4.06
1st flapping2 21.50 20.83 3.22
3 24.72 22.89 7.99
4 36.29 34.10 6.42
1st twisting5 36.48 35.21 3.61
6 39.13 38.10 2.70
7 74.37 74.80 -0.57
2nd flapping8 74.69 76.20 -1.98
9 82.01 81.80 0.26
10 91.94 93.20 -1.35
2nd twisting11 92.71 96.32 -3.75
12 97.11 99.00 -1.91
13 118.71 107.58 10.35
camber14 120.35 108.99 10.42
15 122.73 115.47 6.29
16 - 167.86
17 - 184.03 -
18 231.55 228.11 1.51
camber19 240.38 234.42 2.64
20 240.55 240.90 -0.15
Average diff. % 4.95
3.6 Analysis o f fan model with standoff block 
The fan was mounted to an inertia base through a standoff block with a lateral 
resonance frequency o f  1300 Hz. Originally the block was assumed to be infinitely rigid 
and was therefore not included in the finite element model. When all finite element 
models presented so far failed to explain the measured frequencies in the range o f  160-
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180 Hz, a cylinder was created using solid elements to simulate the standoff block. Figure 
3-16.
AN
Figure 3-16. Model o f standoff block in ANSYS
To investigate the effect o f boundary conditions on the model, the following three 
cases were considered;
• The end o f the block was fully fixed as if  the block was welded to the inertia 
table. Figure 3-17.
• The nodes at the middle o f the end surface o f the block were completely fixed. 
Figure 3-18.
•  The nodes at the innermost edge o f the end surface o f  the block were completely 
fixed. Figure 3-19.
• The nodes at the iimermost edge o f the end surface o f  the block along with four 
nodes at the middle o f  the end surface were completely fixed. Figure 3-20.
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icxdc-ruifi 4
Rgure 3-17. All the nodes o f block fully fixed
BriCK-hWb 4 R1
Rgure 3-18. Middle circular nodes of block fully fixed
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BrxdC'tme 4
Figure 3-19. Innermost nodes o f block fully fixed
Figure 3-20. Itmermost and four mid-circular nodes 
of block fully fixed
Table 3-11 presents a comparison of these four cases to experimental results. The 
frequencies at 160-180 Hz range are rather sensitive to the mounting methods of the
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standoff block. The fourth case was the closest to the experimental results at frequency 
range o f 160-180 Hz. This observation is confirmed by the fact that the fourth case 
(nodes at innermost edge along with four nodes at the middle o f  the end surface were 
fully constrained) was the closest to the experimental setup. Figure 3-21 and Figure 3-22 
show the mode shapes at frequencies 190.72 Hz and 196.19 Hz respectively. The figures 
show that these modes corresponded to the vibration o f the standoff block. While 
including the standoff block in the finite element model explained the previously missing 
frequencies, it is difficult to accurately model the boundary conditions o f  the block.
Table 3-12 compares the analytical results with and without standoff block with 
experimental results. It can be seen that all the frequencies except the range from about 
160 - 180 Hz match each other. Further comparison. Figure 3-23 to Figure 3-28 with 
Figure 3-5 to Figure 3-10, shows that all other modes were unaffected by adding the 
standoff block. Higher modes including flapping, twisting and camber modes are shown 
from Figure 3-25 to Figure 3-28. The first and second collective camber mode occurred 
prior to two non-collective modes at 108.25 Hz and 212.96 Hz respectively. More 
attempts to study the effects o f standoff block on the vibration o f fan assembly are 
described in Appendix D, but it is still difficult to identify the modes.
The results o f this section show that either the standoff block should be included in 
the FE model or the fan assembly should be modeled with the hub totally fixed as shown 
in the previous section. In this case, FEA results should be carefully compared to 
experimental ones to identify the frequencies that are the result o f  the standoff block.
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Table 3-11. Comparison o f results o f different constrains on standoff 
block with experimental results
Mode No.
Block end 
fully fixed 
(Hz)
Nodes at 
middle o f 
block end 
fixed 
(Hz)
Innermost 
nodes o f 
block end 
fixed 
(Hz)
Innermost 
& 4 nodes 
at middle 
block end 
fixed 
(Hz)
Experimental
results
(Hz)
Mode
description
1 21.07 21.06 20.80 20.99 20.42
2 21.14 21.14 20.97 21.05 20.83 1st flapping
3 24.51 24.51 24.50 24.51 22.89
4 34.37 34.36 34.28 34.33 34.10
5 34.39 34.38 34.32 34.35 35.21 1st twisting
6 36.86 36.86 36.85 36.85 38.10
7 72.71 72.61 71.75 72.34 74.80
8 72.82 72.72 72.09 72.46 76.20 2nd flapping
9 79.08 78.87 77.84 78.61 81.80
10 90.46 90.45 90.38 90.42 93.20
11 90.51 90.51 90.43 90.48 96.32 2nd twisting
12 94.62 94.61 94.59 94.61 99.00
13 111.23 109.78 104.38 108.25 107.58
14 113.51 112.63 106.47 110.77 108.99 camber
15 113.88 112.95 106.95 111.37 115.47
16 217.74 215.39 149.73 190.72 167.86
block vibration17 238.99 233.05 151.58 196.19 184.03
18 239.14 233.74 207.15 212.96 228.11
19 271.66 270.88 243.89 246.79 234.42 camber
20 272.07 271.32 243.95 247.62 240.90
Average diff. % 11.03 10.31 6.34 5.08
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Figure 3-21. Standoff block vibration mode at 190.72 Hz
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Figure 3-22. Standoff block vibration mode at 196.19 Hz
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Table 3-12. Comparison of models with/without standoff 
block and experimental model
Mode No.
Brick hub 
and rivets 
(Hz)
Innermost 
& 4 nodes 
at middle 
block end 
fixed 
(Hz)
Test
Results
(Hz)
Difference
(%) 
column 
2 vs. 4
Difference
(%) 
column 
3 vs. 4
Mode
description
1 21.15 20.99 20.42 3.59 2.77
1st flapping2 21.39 21.05 20.83 2.68 1.05
3 24.53 24.51 22.89 7.18 7.06
4 34.50 34.33 34.10 1.17 0.67
1st twisting5 34.51 34.35 35.21 -1.99 -2.43
6 36.88 36.85 38.10 -3.21 -3.27
7 72.84 72.34 74.80 -2.63 -3.29
2nd flapping8 73.22 72.46 76.20 -3.91 -4.91
9 79.93 78.61 81.80 -2.28 -3.89
10 90.61 90.42 93.20 -2.78 -2.98
2nd twisting11 90.68 90.48 96.32 -5.85 -6.06
12 94.64 94.61 99.00 -4.40 -4.44
13 113.65 108.25 107.58 5.64 0.62
camber14 114.14 110.77 108.99 4.73 1.63
15 118.13 111.37 115.47 2.30 -3.55
16 - 190.72 167.86 - 13.62
block vibration17 - 196.19 184.03 - 6.61
18 229.86 212.96 228.11 0.77 -6.64
camber19 239.18 246.79 234.42 2.03 5.28
20 239.39 247.62 240.90 -0.63 2.79
Average diff. % 3.66 5.08
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Figure 3-23. First flapping mode (collective) at 24.51 Hz. 
model with standoff block
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Figure 3-26. Second twisting mode (collective) at 94.61 Hz, 
model with standoff block
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Figure 3-27. Camber mode (collective) at 108.25 Hz. 
model with standoff block
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Figure 3-28. Camber mode (collective) at 212.96 Hz, 
model with standoff block
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CHAPTER 4
MODAL TESTING OF FAN WITH SHAFT/ROTOR ASSEMBLY 
This chapter introduces the experiments made to observe the torsional modes o f the 
fan assembly. The shaft/rotor was attached to the hub by a setscrew. Because o f the 
interface between the fan and its housing, it is difficult to identify the resonance 
frequencies o f the fan assembly with bearing boundary conditions. An alternative method 
is to suspend the fan assembly by an elastic rope. Fig 4 -la  shows a sketch o f the setup 
and Figure 4 -lb  shows a picture o f the setup in the tests.
rope
shaft
rotor
fan blade
hub
Figure 4-la. Fan assembly suspended by an elastic rope
68
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
69
Figure 4 -lb. Fan assembly setup in the experiment
Similar steps to those described in Chapter 2 were taken to test the resonance 
frequencies o f fan model under suspension condition. Both SignalCalc and Star Modal 
were used for data collection, processing and determination of frequencies and mode 
shapes respectively in the tests. The shaft was modeled by four points and the rotor was 
modeled by eight points. The points on the shaft and blades were hit vertically and the 
points on the rotor were hit tangentially.
According to previous testing [19-22], the accelerometer should be located in the 
tangential direction of the rotor (point 9 in Figure 4-2). Six points were used to represent 
the fan blades and one common point at the center for the hub. Figure 4-2 shows the 
model used in Star Modal. Figure 4-3 shows the cylindrical coordinates of these points in 
Star Modal.
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Y
Fig 4-2. Fan model with shaft/rotor in Star Modal
Eie £dit Component
D
Point C td m D d « 2 D d » 3 Component Type ~
300.00 -25.70 0.00 MAIN C
2 300.00 25.70 0.00 MAIN C
3 300.00 94.30 OMJ MAIN c
4 300.00 145.70 0.00 MAIN c
5 300.00 -145.70 0.00 MAIN c
6 300.00 -94.30 0.00 MAIN c
7 OOO 0.00 150.00 MAIN c
8 OOO 0.00 0.00 MAIN c
9 40.00 90.00 130.00 MAIN c
10 40.00 180.00 130.00 MAIN c
11 40.CK) -90.00 imoo MAIN c
12 40.00 0.00 130.00 MAIN c
13 40.00 90.00 80 00 MAIN c
14 40.00 180.00 8 a  00 MAIN c
15 40.00 270.00 80.00 MAIN c
16 40.00 0.00 8 a  00 MAIN c
17 0.00 0.00 1 3 a  00 MAIN c
18 0.00 0.00 80 00 MAIN C V
Fig 4-3. Coordinates o f points in Star Modal (in mm.)
4.1 Testing o f fan with accelerometer on the rotor 
Fig 4-4 shows one typical hequency response curve o f  the first test in SignalCalc in 
which the accelerometer was placed at point 9 and the hammer hit at point 2. Other 
response curves were close to this one.
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Fig 4-4. Frequency response curve
After data were collected in SignalCalc, they were exported to Star Modal. 
Polynomial curve fitting was applied to these frequency response curves. Frequencies of 
the fan assembly are shown in Table 4-1.
To identify the modes corresponding to each frequency, the “show structure” window 
in Star Modal was opened. Figure 4-5 to Figure 4-29 show these mode shapes of the fan 
assembly. The first six modes. Figure 4-5 to Figure 4-10, corresponded to the rigid body 
motions of the fan assembly. Though they could be measured in SignalCalc, it was 
difficult for them to show up as rigid body motions in Star Modal. Because for rigid body 
motion, i.e. translation in z direction, all the points should move in the same direction — z 
direction. The test points on the rotor were hit tangentially, and the points on the blades
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vertically. In Star Modal, the points would move in the directions in which they were hit. 
Therefore, the motions o f  all those points could not be in the same direction and rigid 
body motions could not be observed as they actually occurred.
Table 4-1. Test results o f fan with shaft/rotor, 
accelerometer on the rotor
No. Experimental results, accelerometer at point 9 (Hz)
I 1.20
2 3.64
3 6.54
4 8.37
5 10.92
6 12.00
7 29.03
8 29.55
9 30.68
10 39.65
11 45.11
12 76.17
13 81.08
14 81.46
15 90.50
16 92.04
17 94.48
18 112.84
19 117.45
20 119.10
21 155.10
22 192.35
23 236.07
24 238.81
25 243.85
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X Y
Figure 4-5. Mode shape at 1.20 Hz
X Y
Figure 4-6. Mode shape at 3.64 Hz
X Y
Figure 4-7. Mode shape at 6.54 Hz
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
74
X Y
Figure 4-8. Mode shape at 8.37 Hz
X Y
Figure 4-9. Mode shape at 10.92 Hz
X Y
Figure 4-10. Mode shape at 12.00 Hz
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X
Y
Figure 4-11. Mode shape at 29.03 Hz
Y —
Figure 4-12. Mode shape at 29.55 Hz
Figure 4-13. Mode shape at 30.68 Hz
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Figure 4-14. Mode shape at 39.65 Hz
i
Figure 4-15. Mode shape at 45.11 Hz
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Y
Figure 4-16. Mode shape at 76.17 Hz
7
Y
Figure 4-17. Mode shape at 81.08 Hz
Y
Y
Figure 4-18. Mode shape at 8 1.46 Hz
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"Z
Y
Figure 4-19. Mode shape at 90.50 Hz
7
/ Y
Figure 4-20. Mode shape at 92.04 Hz
7
Y
Figure 4-21. Mode shape at 94.48 Hz
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7
/
Y
Figure 4-22. Mode shape at 112.84 Hz
7
7 Y
Figure 4-23. Mode shape at 117.45 Hz
7
/
Y
Figure 4-24. Mode shape at 119.10 Hz
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Z
Figure 4-25. Mode shape at 155.10 Hz
7
Figure 4-26. Mode shape at 192.35 Hz
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Z
Y
Figure 4-27. Mode shape at 236.07 Hz
Y
Figure 4-28. Mode shape at 238.81 Hz
Y
Figure 4-29. Mode shape at 243.85 Hz
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These figures show that when the fan was freely suspended:
■ The frequencies corresponding to rigid body motions could be measured but are 
difficult to show in Star Modal, Figure 4-5 to Figure 4-10.
■ Comparing Figure 4-11 to Figure 4-14 with Figure 2-11 and Figure 2-12. it could 
be seen that the first four modes occurring in the test merged the first flapping and 
twisting modes o f the fan under ASHRAE 87.1 Standard.
■ Figure 4-16 to Figure 4-24 and Figure 4-27 to Figure 4-29 show the second to 
fifth flapping modes could be observed.
• Torsional modes o f the shaft/rotor could be measured and represented in Star 
Modal. Figure 4-15 was supposed to be the first torsional modes and Figure 4-25 
and Figure 4-26 to be higher torsional modes since in these figures the vectors o f 
the points on the rotor were bigger than those o f points on the blades which meant 
the motion of the rotor was significant compared with the motion o f blades.
All these frequencies could be measured but it was difficult to assess the nature of 
each mode based on the figures obtained in Star Modal. Table 4-2 compares the 
experimental results of freely suspended fan and results o f the fan under ASHRAE 87.1 
Standard.
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Table 4-2. Comparison o f  test results o f freely suspended fan 
with fan under ASHRAE 87.1 Standard
No.
Frequencies o f 
model based on 
ASHRAE 87.1 
(Hz)
Frequency o f 
model with 
shaft/rotor, 
accelerometer at 
tangential o f rotor 
(Hz)
1 20.42
2 20.83 29.03
3 22.89 29.55
4 34.10 30.68
5 35.21 39.65
6 38.01
7 • 45.11
8 74.80 76.17
9 76.20 81.08
10 81.80 81.46
11 93.20 90.50
12 96.32 92.04
13 99.00 94.48
14 107.58 112.84
15 108.99 117.45
16 115.47 119.10
17 155.10
18 167.86 _
19 184.03
20 _ 192.35
21 228.11 236.07
22 234.42 238.81
23 240.90 243.85
4.2 Testing o f fan with accelerometer on the shaft and blade 
Tests were also taken on the fan assembly with accelerometer at the bottom surface o f 
the shaft (point 8 in Figure 4-2), at the tip o f a blade (point 2 in Figure 4-2) and at the
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center tip on the leading end o f  the blade respectively (point 7 in Figure 4-30). In the 
third case, the fan blade was modeled using five points.
Y
X
Figure 4-30. Accelerometer at center tip on leading end of blade
Similar steps were taken for these tests. Table 4-3 compares the results obtained in 
these three tests with the test results o f which accelerometer was placed at the rotor in 
tangential direction (frequencies corresponding to free body motions are not listed here).
Table 4-3 shows that when using SignalCalc, similar results could be obtained though 
the accelerometer as at different places. In the test, the accelerometer was placed at the 
bottom surface of the shaft, the frequency at 192 Hz was not observed. Therefore, the 
accelerometer was placed at the rotor in tangential direction or at center tip o f leading 
blade in vertical direction would give better results. Testing o f freely suspended fan with 
and without standoff block (without shaft/rotor) were taken as described in Appendix D. 
It is difficult to identify the effects o f standoff block on the fan assembly.
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Table 4-3. Comparison o f  test results with accelerometer 
at different locations
No.
Result o f 
accelerometer at 
point 9 (tangential 
direction on rotor)
Result o f  
accelerometer at 
point 8 (axial 
direction on shaft)
Result o f 
accelerometer at 
point 2 (tip on 
blade)
Result o f 
accelerometer at 
point 7 (center tip 
on blade)
I 29.03 28.81 28.00 29.10
2 29.55 29.05 28.82 29.18
3 30.68 30.29 29.40 30.42
4 39.65 40.16 39.34 38.94
5 45.11 45.68 44.50 45.42
6 76.17 75.37 80.35 75.15
7 81.08 79.65 80.86 80.83
8 81.46 80.98 83.38 82.05
9 90.50 92.07 91.38 92.06
10 92.04 94.28 93.11 94.22
11 94.48 99.92 93.92 99.88
12 112.84 109.64 99.58 110.83
13 117.45 117.22 111.01 116.41
14 119.10 119.03 116.85 117.36
15 155.10 155.08 154.79 155.05
16 192.35 - 191.24 192.18
17 236.07 238.70 237.74 238.67
18 238.81 238.94 238.58 239.56
19 243.85 239.62 243.18 246.86
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CHAPTERS
FINITE ELEMENT ANALYSIS OF FAN 
WITH SHAFT/ROTOR ASSEMBLY 
In this Chapter, modal analysis o f the fan model with shaft/rotor using Finite Element 
Analysis (FEA) is presented. The fan model was modified based on the model developed 
in Chapter 3 with following features:
•  Blades and spider were modeled using shell elements.
•  Blades were moved away from spider, connecting rivets were added between 
them. The length o f rivets was equal to half thickness o f blades and spider.
•  Hub was created using solid elements.
Modifications were made subject to following features:
• Shaft and rotor were added to the fan.
•  Very soft elements, including solid, tension-only and beam elements, were 
used to simulate the rope hanging the fan.
In the FEA using ANSYS software, several models were developed. One model used 
bearing boundary conditions on the shaft at bearing location. Other attempts were using 
different element types to model the rope that hanging the fan. The results o f these 
attempts were then compared and discussed.
86
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5.1 Modeling of shaft/rotor 
The shaft/rotor is shown as Figure 5-la. In FEA, shaft/rotor was created by layers of 
solid elements as shown in Figure 5-lb. Shaft/rotor was then rigidly connected to the hub. 
The bottom surface o f shaft was on the same plane as the bottom surface o f the hub and 
spider. The assembly is shown in Figure 5-lc. The material property of the shaft and 
rotor is shown in Table 5-1.
Figure 5 I a). Shaft/rotor
Table 5-1. Material property o f  shaft/rotor
Modulus o f 
Elasticity 
(Ibftin^'Z)
Poisson s Ration Density(lbf*s''2/in/in''3)
2.80E+07 0.3 7.50E-04
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tRAfrv ccter
Figure 5-1 b). Shaft/rotor model using solid elements
Figure 5-1 c). Shaft/rotor assembled to the hub
5.2 Analysis o f fan model under bearing boundary condition 
In order to observe the torsional modes o f shaft/rotor, boundary conditions were 
added to the shaft at the bearing locations. Translation in x, y and z directions and 
rotation in x and z directions were constrained. The nodes at these two locations were
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free to rotate in y direction, which is direction of shaft axis. Figure 5-2 shows the model 
with shaft/rotor and Figure 5-3 shows the boundary conditions on the shaft.
i  s i u r r / i h r T c ^
Figure 5-2. Fan model with shaft/rotor, bearing condition
Figure 5-3. Boundary conditions representing bearing
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Table 5-2 compares FEA results o f fan model under bearing boundary conditions 
with the test results o f fan under ASHRAE 87.1 Standard. It could be seen that the first 
flapping and twisting modes o f fan blades in FEA were close to the corresponding results 
of experimental results o f the fan under ASHRAE 87.1 Standard, Figure 5-4 and Figure 
5-5. The first shaft torsional mode in FEA occurred at 43.32 Hz, Figure 5-6a and Figure 
5-6b. The high flapping, twisting and camber modes did not differ much from test results 
of fan under ASHRAE 87.1 Standard, Figure 5-7 to Figure 5-12. The camber modes at 
the frequencies o f 109 Hz did not have collective modes. Figure 5-9 and Figure 5-10. The 
mode occurred at 180 interfaced the second shaft torsional mode and collective camber 
modes (two non-collective modes occurred at 203 Hz). They were not observed in the 
test of fan under ASHRAE 87.1 Standard. Figure 5-11 shows the collective mode at 180 
Hz. The frequencies at 167 and 184 Hz in the test o f ASHRAE 87.1 Standard as shown in 
Table 5-2, corresponded to the vibration o f the standoff block.
Table 5-3 compares FEA results o f fan model under bearing boundary conditions 
with the test results o f the freely suspended fan/rotor. It could be seen that in the test o f 
fan under suspension, the first three modes merged the first flapping and twisting modes 
of the fan model in FEA. The first shaft torsional mode predicted by FEA was close to 
test results (43.32 to 45.33 Hz). The second shaft torsional mode at 180 Hz merged the 
torsional modes o f 155 Hz and 192 Hz observed in the experiment. The high flapping, 
twisting and camber modes in FEA were close to test results o f fan under suspension. 
The third shaft torsional mode at about 249 Hz was not observed here.
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Table 5-2. Comparison o f  FEA results o f bearing condition with test 
results o f  fan under ASHRAE 87.1 Standard
No.
FEA results o f 
model under 
bearing conditions 
(Hz)
Experimental 
results o f fan under 
ASHRAE 87.1 
(Hz)
Difference
(%)
Mode
description
I 19.96 20.42 -2.27
1st flapping2 20.13 20.83 -3.36
3 24.36 22.89 6.42
4 33.94 34.10 -0.47
1st twisting5 33.96 35.21 -3.55
6 36.59 38.10 -3.96
7 43.32 - I St shaft torsion
8 70.58 74.80 -5.64
2nd flapping9 70.84 76.20 -7.04
10 85.58 81.80 4.62
11 90.00 93.20 -3.43
2nd twisting12 90.09 96.32 -6.47
13 94.69 99.00 -4.35
14 109.00 107.58 1.32
camber15 109.32 108.99 0.30
16 - 115.47 -
17 - 167.86 - block vibration
18 - 184.03 »
19 180.53 - * 2nd shaft torsion
20 203.39 .
camber
21 203.66 -
22 253.54 228.11 11.15
camber23 253.64 234.42 8.20
24 263.60 240.90 9.42
Average diff. % 5.66
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Figure 5-4. First flapping mode (collective) at 24.36 Hz
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Figure 5-5. First twisting mode (collective) at 36.59 Hz
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Figure 5-6. First shaft torsional mode at 43.32 Hz
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Figure 5-8. Second twisting mode (collective) at 94.69 Hz
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Figure 5-10. Camber mode (non-collective) at 109.32 Hz
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Table 5-3. Comparison of FEA results o f  bearing condition 
with test results o f  freely suspended fan
No.
FEA results o f 
model under 
bearing conditions 
(Hz)
Experimental 
results o f fan under 
suspension 
(Hz)
Difference
(%)
Mode
description
1 19.96 -
2 20.13 29.03 - 1st flapping
3 24.36 29.55 -
4 33.94 30.68
5 33.96 39.65 1st twisting
6 36.59 -
7 43.32 45.11 -3.97 1st shaft torsion
8 70.58 76.17 -7.34
9 70.84 81.08 -12.64 2nd flapping
10 85.58 81.46 5.06
11 90.00 90.50 -0.55
12 90.09 92.04 -2.12 2nd twisting
13 94.69 94.48 0.22
14 109.00 112.84 -3.40
15 109.32 117.45 -6.92 camber
16 - 119.10 -
17
180.53 155.10 0.98* 2nd shaft torsion
18 192.35
19 203.39 -
camber20 203.66 -
21 253.54 236.07 7.40
22 253.64 238.81 6.21 camber
23 263.60 243.85 8.10
Average diff. % 6.07
* Difference% is calculated by comparing FEA (test) results with average values o f its 
corresponding test (FEA) results. Same for a l l - in  following tables.
Table 5-2 and Table 5-3 show that using bearing botmdary condition on the fan FEA 
model could predict first torsional mode accurately. The first six modes predicted
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matched the results o f experiment o f ASHRAE 87.1 but not match those obtained in the 
freely suspended experiments. An alternative method is to model the rope that suspended 
the fan assembly.
5.3 Analysis o f  fan model suspended by rope 
Three approaches have been taken to model rope suspending the fan/rotor assembly 
in the experimental setup by: using soft solid elements, using tension-only element with 
beam element and using soft beam elements. Those results are compared with each other 
as well as with experimental results and discussed.
5.3.1 Modeling o f rope using solid element 
The rope was first modeled using very soft solid elements as shown in Figure 5-13. 
The translation degrees o f  freedom in x, y and z axis o f the top end o f  the rope were 
constrained. The modulus o f elasticity was obtained by calculating the spring coefficient 
of the rope used in the test. Table 5-4 shows the material property o f solid elements 
modeling the rope.
Table 5-5 compares the FEA results with experimental results. The first six modes 
corresponded to the rigid body motions o f the fan, including translation and rotation in x, 
y and z direction. Figure 5-14 to Figure 5-19. The first torsional mode in FEA could not 
be predicted (which should be around 45 Hz). The second torsional showed up at 178.84 
Hz, Figure 5-20. ft merged the torsional modes o f 155 Hz and 192 Hz observed in the 
experiment. The torsional mode and collective camber mode also interfaced at this mode. 
The material properties o f solid elements were also varied but could not lower the
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frequency corresponding to the first shaft torsional mode. Figure 5-21 a and Figure 5-2 lb 
show the mode shapes o f  two frequencies at 167.92 Hz in FEA results, it could be seen 
that they corresponded to the bending o f the rope in x and z direction respectively. The 
fan assembly did not move at all in these two cases, therefore they could be neglected. 
Other flapping, twisting and camber modes predicted by FEA match well with test 
results. Figure 5-22 to Figure 5-31 show these mode shapes. The third torsional mode 
occurred at 249.85 Hz, which were also the combination o f the torsional mode and 
camber mode.
AN
SOLID H U S  A N D  m i V F T ,  S C I
Figure 5-13. Modeling rope using soft solid elements
Table 5-4. Material properties of solid element for the rope
Modulus o f 
Elasticity 
(lbmn^2)
Poisson’s Ration Density ( lbPs''2/in/in''3 )
Rope using solid 
elements 1.25E+02 0.45 1.07E-06
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Table 5-5. Comparison o f results o f rope modeled using soft 
solid elements with experimental results
No.
Results of 
modeling rope 
using solid 
elements (Hz)
Experimental
results
(Hz)
Difference (%) Modedescription
1 8.70E-02 1.20 -
rigid body motion
2 8.70E-02 3.64 -
3 0.40 6.54 -
4 0.40 8.37 -
5 0.43 10.92 -
6 2.17 12.00 -
7 29.32 29.03 1.00
flapping mode8 29.58 29.55 0.12
9 29.62 30.68 -3.45
10 37.69
39.65 0.19' twisting mode11 40.71
12 40.78
13 - 45.11 - 1 St shaft torsion
14 75.61 76.17 -0.74
2nd flapping15 75.83 81.08 -6.48
16 88.89 81.46 9.12
17 90.47 90.50 -0.04
2nd twisting18 90.58 92.04 -1.59
19 95.23 94.48 0.79
20 123.21 112.84 9.19
camber21 123.54 117.45 5.19
22 - 119.10 -
23 167.92 - -
bending o f rope
24 167.92 - -
25 178.84 155.10 0.74' 2nd shaft torsion and camber26 192.35
27 244.56 236.07 3.60
camber28 244.72 238.81 2.47
29 249.85 243.85 2.46 3rd torsion & camber
Average diff. % 4.17
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
101
ANSYS 5 . 6 . :
JUL 2?  2001 
1 7 : 0 l : l €
PLOT NC. I  
NODAL SOLUTION 
STEP-1 
SUE -1
F R E O ".087207  
USUM (AVG)
RSYS*C
P o w e rG rd p ru c ; 
EJA C ET-l 
AVRES«Mac 
DMX -1 2 .7 4 8  
*12 .7 4 8  
C
I .4 1 8  
2 .6 3 ;  
4 .2 4 ?  
5 .6 6 8  
7 .0 6 :  
8 .4 9 8  
9 .5 1 5
I I .3 3 1  
1 2 .7 4 8
Sf€C
ROPE MODELED USING SOLIDELEMENTS
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Figure 5-15. Rigid body motion at 0.091 Hz, translation in x-z plane
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Figure 5-17. Rigid body motion at 0.40 Hz, rotation about x-axis
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Figure 5-19. Rigid body motion at 2.17 Hz. translation in y direction
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Figure 5-20. Second torsional mode at 178.84 Hz, rope 
modeled using solid elements
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Figure 5-21 a. Rope bending mode at 167.92 Hz in z direction
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Figure 5-2lb. Rope bending mode at 167.92 Hz in x direction
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Figure 5-22. Mode shape at 29.32 Hz
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Figure 5-25. Twisting mode (collective) 37.69 Hz
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Figure 5-26. Second flapping mode (collective) at 88.89 Hz
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
108
ANSYS 5 . € . _
AUG 1 1  2 0 0 1  
1 8 : 0 6 : 4 3  
PLOT N C .
NODAL SOLUTION 
S T E P - :
SUE - I f  
F E E Q - 5 E . '2 ^  
USUM lAVC-
RSYS-C
P o w e r G r a p h i c :  
E F A C E T -: 
A V R E S-M at 
DMX - 5 7 . 2 0 f  
SMX - 5 7 . 2 0 6
1 2 .7 1 3  
1 9 . O f I  
2 5 . 4 2 t  
3 1 . 7 8 .  
3 6 .1 3 9  
4 4 .4 9 1
5 0 .8 5 1  
5 7 . 2 0 f
E33
C3
ROPE MODELED USING SO LID  ELEMENTS
Figure 5-27. Second twisting mode (collective) at 95.23 Hz
ANSYS 5 . C . .
AUG 11 2 0 0 :  
1 6 : 0 7 : 1 6  
PL O T N O .
NODAL SOLUTION 
S T E P -1  
SUE - 1 9  
F R E Q - 1 2 3 .2 1 4  
USUM (AVG
R S Y S -0
P o w e c G c a p h i c r  
E F A C E T -: 
A V R E S -M at 
DMX - 5 2 . 6 5  
• 5 2 . 8 5  
0
5 . 8 7 2  
1 1 . 7 4 4  
1 7 . 6 1 7  
2 3 . 4 8 9  
2 9 . 3 6 :
3 5 . 2 3 3
4 1 . 1 0 5  
4 6 . 9 7 7  
5 2 . 8 5
SMX
! ROPE MODELED USING S O L ID  ELEMENTS
Figure 5-28. Camber mode (non-collective) at 123.21 Hz
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Figure 5-29. Camber mode (non-collective) at 123.54 Hz
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Figure 5-30. Second torsional and camber (collective) mode at 178.84 Hz
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Figure 5-31. Third torsional and camber (collective) mode at 249.85 Hz
5.3.2 Modeling of rope using tension-only element and beam element 
The rope was also modeled using a tension-only element (spar element), which 
represented the tension-only character of rope. An extra short beam was added on top of 
the rope to assure the fan model could be able to rotate about the rope. Figure 5-32. The 
material properties for the spar and beam element are compared with that of solid 
elements in Table 5-6. Table 5-7 compares the results with experimental results.
The first three frequencies that showed up in Table 5-7 corresponded to the bending 
of the short beam. Figure 5-33a. b and c. These could be neglected for the real case. 
Comparing Table 5-7 with Table 5-5. it could be seen that modeling the rope using soft
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solid elements and using tension-only element plus a short beam got the same results. 
The corresponding mode shapes were the same so that they are not listed here.
AN
:c *TJb AND Rtvrr. scrr
Figure 5-32. Rope modeled using tension-only spar and beam
Table 5-6. Material properties of spar and beam elements for the rope
Cross section 
area (in^2)
Moment of 
inertia (inM)
Modulus of 
Elasticity 
(lbf/in'^2)
Poissons
Ration
Density
(lbPs'^2/in/in'^3)
Beam element 
for the rope 0.049 7.67E-04 1.25E+03 0.45 1.07E-06
Spar element for 
the rope 0.200 - 1.25E+02 - 1.07E-06
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Table 5-7. Comparison o f  results o f  rope modeled using tension-only 
elements with experimental results
112
No.
Results o f 
modeling rope 
using tension- 
only element 
(Hz)
Experimental
results
(Hz)
Difference (%) Modedescription
I 0.00 - -
bending o f beam2 0.00 - -
3 5.98E-05 - -
4 1.15E-04 1.20 -
rigid body motion
5 5.72E-04 3.64 -
6 0.17 6.54 -
7 0.17 8.37 -
8 0.43 10.92 -
9 1.06 12.00 -
10 29.30 29.03 0.93
flapping mode11 29.58 29.55 0.10
12 29.62 30.68 -3.46
13 37.69
39.65 0 18' twisting mode14 40.70
15 40.77
17 - 45.11 - 1st shaft torsion
18 75.61 76.17 -0.74
2nd flapping19 75.83 81.08 -6.48
20 88.89 81.46 9.12
21 90.47 90.50 -0.04
2nd twisting22 90.58 92.04 -1.59
23 95.23 94.48 0.79
24 123.21 112.84 9.19
camber25 123.55 117.45 5.19
26 - 119.10 -
27
178.84 155.10 0.74* 2nd shaft torsion and camber28 192.35
29 244-56 236.07 3.60
camber30 244.72 238.81 2.47
31 249.85 243.85 2-46 3rd torsion & cambei
Average diff. % 4.17
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Figure 5-33 c). Rigid body motion of the beam at 5.98E-05 Hz
5.3.3 Modeling of rope using beam element 
The rope was also modeled as a soft beam element as shown in Figure 5-34. The 
translation degrees of freedom in x, y and z axis of the top end of the rope were 
constrained. The modulus of elasticity of the beam element was obtained by comparing 
the spring coefficient of the rope and modifying the value until reaching the closest 
torsional frequency to experimental results. The frequency corresponding to the first shaft 
torsional mode was lowered down from 54 Hz to 45Hz after this modification. The 
modulus of elasticity of the solid element discussed in section 5.3.1 was also changed but 
it was not helpful to lower the frequency of torsional mode. Poisson s ratio was adjusted 
to a high value 0.45 to describe the rope realistically. The change of the modulus of 
elasticity did not affect other flapping, twisting modes and the second shaft torsional
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mode except the first shaft torsional mode. The material property of the beam element 
was compared with that of using solid elements. Table 5-8. Table 5-9 compares the FEA 
results with experimental results. It can be seen from Table 5-9 that the first torsional 
mode showed up at 45.01 Hz comparing with 45.33 Hz in the experiment. Figure 5-35. 
The first six modes are corresponding to rigid body motion of the fan assembly. Figure 5- 
36 to Figure 5-41. The seventh and eighth modes both at 3.55 Hz corresponded to the 
rigid body motion in the diagonal direction of x-z plane. Figure 5-42a and Figure 5-42b. 
Other modes match well with experimental results. Figure 5-43 to Figure 5-52 show the 
mode shapes of flapping, twisting, camber and shaft torsional modes of the fan assembly.
Figure 5-34. Rope modeled as a soft beam 
Table 5-8. Material properties of beam element for the rope
Cross 
section 
area (in^2)
Moment of 
inertia (inM)
Modulus of 
Elasticity 
(lbf/in'^2)
Poissons
Ration
Density
(lbf*s^2rinrinM)
Rope as beam 
element 0.049 7.67E-04 8.50E+01 0-45 I.07E-06
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Table 5-9. Comparison o f results o f rope modeled using soft 
beam element with experimental results
No.
Results of 
modeling rope 
as beam 
(Hz)
Experimental
results
(Hz)
Difference (%) Modedescription
I 2.87E-03 1.20 -
rigid body motion
2 2.91E-03 3.64 -
3 0.17 6.54 -
4 0.17 8.37 -
5 0.43 10.92 -
6 0.43 12.00 -
7 3.55 - -
8 3.55 - -
9 29.30 29.03 0.93
flapping mode10 29.58 29.55 0.10
II 29.62 30.68 -3.46
12 37.69
39.65 0.18* twisting mode13 40.70
14 40.78
15 45.01 45.11 -0.22 1st shaft torsion
16 75.61 76.17 -0.74
2nd flapping17 75.83 81.08 -6.48
18 88.89 81.46 9.12
19 90.47 90.50 -0.04
2nd twisting20 90.58 92.04 -1.59
21 95.23 94.48 0.79
22 123.21 112.84 9.19
camber23 123.55 117.45 5.19
24 - 119.10 -
25
178.84 155.10 0.74* 2nd shaft torsion and camber26 192.35
27 244.56 236.07 3.60
camber28 244.72 238.81 2.47
29 249.85 243.85 2.46 3rd torsion & cambei
Average diff. % 4.05
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Figure 5-35. Mode shape at 45.01 Hz (first torsional mode)
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Figure 5-36. Rigid body motion at 2.87E-03 Hz, translation in x-z plane
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Figure 5-37. Rigid body motion at 2.91E-03 Hz. translation in x-z plane
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Figure 5-38. Rigid body motion at 0.17 Hz, rotation about x-axis
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Figure 5-39. Rigid body motion at 0.17 Hz. rotation about z-axis
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Figure 5-40. Rigid body motion at 0.431 Hz, rotation about y-axis
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Figure 5-41. Rigid body motion at 0.43 Hz. translation in y direction
ANSYS 5 . 6 . _
JU L  29  2 0 0 :  
1 6 :1 6 :4 . -  
PLOT NO. :  
NODAL SOLUTION 
S T E P -1  
SUB -■  
F R E Q -3 .5 5 4  
USUM (AVG:
R SY S-i
P ow e (Æ c a p h iC ï  
EFA CET-1 
A V RES-M at 
DMX - . 2 7 9 8 9 9  
■ .2 7 9 8 9 9  
C
.0 3 1 1  
.0 6 2 2  
.0 9 3 3  
.1 2 4 3 9 9  
.1 5 5 4 9 9  
.1 8 6 5 9 9  
.2 1 7 6 9 9  
.2 4 8 7 9 9  
.2 7 9 8 9 9
SKC
CD
R o p e  M o d e le d  u s i n g  B eam  E l e m e n t s
Figure 5-42 a). Rigid body motion at 3.55 Hz, translation in x-z plane
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Figure 5-42 b). Rigid body motion at 3.55 Hz. translation in x-z plane
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Figure 5-44. Mode shape at 29.58 Hz
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Figure 5-45. Mode shape at 29.62 Hz
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Figure 5-46. Twisting mode (collective) at 37.69 Hz
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Figure 5-47. Second flapping mode (collective) at 88.89 Hz
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Figure 5-48. Second twisting mode (collective) at 95.23 Hz
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Figure 5-49. Camber mode (non-collective) at 123.21 Hz
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Figure 5-50. Camber mode (non-collective) at 123.55 Hz
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Figure 5-51. Second torsional and camber (collective) mode at 178.84 Hz
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
126
R o p e  M o d e l e d  u s i n g  B e a m  E l e m e n t s
ANSYS 5 . 6 . 2  
J U L  2 5  2 0 0 1  
1 3 : 3 3 : 2 5  
PLO T N O . 1 
NODAL SO LU TIO N  
S T E P -1  
SUB - 2 7  
F R E Q - 2 4 9 .6 5  
USUM (AVG)
R SY S-C
P o w e  c 6  r a p h i c s  
E F A C E T -1  
A V R E S -M at 
DMC - 2 7 . 0 6 3  
SMX - 2 7 . 0 6 3
3 . 0 0 7  
6 . 0 1 4  
9 . 0 2 1  
1 2 . 0 2 6  
1 5 . 0 3 5  
1 0 . 0 4 2  
2 1 . 0 4 9  
2 4 . 0 5 6  
2 7 . 0 6 3
I
CD
Figure 5-52. Third torsional and camber (collective) mode at 249.85 Hz
Figure 5-43 to Figure 5-45 show that the first three modes occurring at about 29 Hz 
merged flapping and twisting modes of the fan model without shaft/rotor. The 
frequencies of twisting modes went up and the collective mode occurred first at 37.69 Hz. 
First, second and third second shaft torsional modes occurred at 45.01 Hz, 178.84 Hz and 
249.85 Hz respectively. The second torsional mode occurred at 178.84 Hz merged two 
torsional modes. 155 Hz and 192 Hz that were observed in the experiment. The second 
and third shaft torsional modes (at 178.84 Hz and 249.85 Hz respectively) were also the 
collective camber modes. Other high order modes were close to that of the model without 
shaft/rotor based on ASHRAE 87.1 Standard.
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Table 5-10 compares the material properties o f modeling rope using solid elements, 
spar with beam element and beam element. The change o f modulus o f  elasticity o f these 
elements did not affect the frequencies o f flapping and twisting modes.
Table 5-11 shows the comparison of the results o f  modeling the rope using solid 
elements, tension-only with beam element and beam elements. It can be seen that most of 
the results were exactly the same except that using beam elements could predict the first 
torsional modes more accurately than other two.
Table 5-10. Comparison o f material properties
Cross 
section area 
(in-2)
Moment o f 
inertia 
(in-4)
Modulus o f 
Elasticity 
(lbfrin-2)
Poissons
Ration
Density
(lbPs-2/in/in-3)
Rope using solid 
element 0.049 - 1.25E+02 0.45 1.07E-06
Spar element for 
the rope 0.200 - 1.25E+02 - 1.07E-06
Extra beam 
element for the 
rope
0.049 7.67 E-04 1.25E+03 0.45 1.07E-06
Rope using beam 
element 0.049 7.67E-04 8.50E+01 0.45 1.07E-06
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Table 5-11. Comparison o f results of modeling rope using 
solid, tension-only and beam elements
No.
Results of 
modeling rope 
using solid 
elements (Hz)
Results o f 
modeling rope 
using tension-only 
element (Hz)
Results of 
modeling rope 
using beam 
element (Hz)
Mode
description
I - 0.00 -
bending o f beam2 - 0.00 -
3 - 5.98E-07 -
4 8.70E-02 1.15E-04 2.87E-03
rigid body motion
5 8.70E-02 5.72E-04 2.91E-03
6 0.40 0-17 0.17
7 0.40 0.17 0.17
8 0.43 0.43 0.43
9 2.17 1.06 0.43
10 - - 3.55
11 - - 3.55
12 29.32 29.30 29.30
flapping mode13 29.58 29.58 29.58
14 29.62 29.62 29.62
15 37.69 37.69 37.69
twisting mode16 40.71 40.70 40.70
17 40.78 40.77 40.78
18 - - 45.01 1st shaft torsion
19 75.61 75.61 75.61
2nd flapping20 75.83 75.83 75.83
21 88.89 88.89 88.89
22 90.47 90.47 90.47
2nd twisting23 90.58 90.58 90.58
24 95.23 95.23 95.23
25 123.21 123.21 123.21
camber26 123.54 123.55 123.55
27 167.92 - -
bending o f rope
28 167.92 - -
29 178.84 178.84 178.84 2nd torsion & cambei
30 244.56 244.56 244.56
camber31 244.72 244.72 244.72
32 249.85 249.85 249.85 3rd torsion & camber
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CHAPTER 6 
CONCLUSIONS AND RECOMMANDATIONS
6.1 Conclusions
6 .1. 1 Testing o f fan based on ASHRAE 87.1 Standard 
Based on the experiment o f the vibration modes o f  fan impeller according to 
ASHRAE 87.1 -  1992 Standard, it can be seen that:
• The fan could be represented by using seven points or more including one 
point for the hub.
• Accelerometer could be placed at tip o f a blade.
• The fan should be excited in the vertical direction by an impact hammer.
■ SignalCalc and Star Modal could give accurate results for resonance 
frequencies. Test procedures developed in SignalCalc and Star Modal could 
be used for tests o f small (< 36 in. dia.) fan impeller.
■ The mode shapes developed in Star Modal were not accurate enough to 
identify the real mode shapes o f the fan impeller especially for higher 
frequencies.
■ Using more points representing the fan did not affect frequencies significantly 
or give better identifications o f  mode shapes for higher frequencies.
129
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6.1.2 Finite element analysis o f fan based on 
ASHRAE 87.1 Standard 
To get accurate resonance frequencies o f  the fan based on ASHRAE 87.1 Standard,
the following aspects should be used for the modeling o f fan in FEA:
■ Using shell elements for both spider and blades.
■ Using solid element for the hub.
■ Moving spider and blades away a distance equal to the half o f thickness of
spider and blades.
• Using solid element for the connecting rivets between spider and blades.
■ The nodes o f at the inner surface o f the hub should be fully fixed.
The finite element analysis o f  the fan under ASHRAE 87.1 Standard also shows that:
■ Experiments were needed to verify the accuracy o f results obtained in finite 
element analysis.
■ The flapping, twisting and camber modes could be predicted accurately.
• The standoff block affected the vibration o f fan. The resonance frequencies o f
standoff block were at the range o f  160-180 Hz. To get accurate FEA results, 
the standoff block should be included with the fan assembly in the analysis. 
The nodes o f the innermost edge and four nodes at the middle o f the end
surface of standoff block should be fully fixed.
• Modifying the modulus o f elasticity and Poisson s ratio o f  rivets would 
change the frequencies significantly but they were not helpful to increase the 
accuracy o f FEA results.
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" Switching the rivets firom solid element to beam element changed the
frequencies by 0.22%. It only adds uncertainty to the model by trying to guess 
the characteristics o f beam elements.
■ The weight of accelerometer had negligible effects on the frequencies 
(0.02%). The effect o f accelerometer could be neglected.
• Varying the length o f the rivet slightly increased the average difference o f
FEA results with experimental results by 0.78%. It only took more time to 
assume the length o f the rivets.
■ Adding contact (compression-only) element would eliminate the penetration 
between spider and blade but would also add uncertainty by trying to guess 
the appropriate number o f these elements.
■ For FEA, software package ANSYS could predict the resonance frequencies 
o f the fan assembly accurately. While ALGOR could not predict the 
resonance frequencies o f the fan accurately.
6.1.3 Testing o f fan with shaft/rotor assembly 
It can be drawn from the experiments o f  fan with shaft/rotor that:
■ Free suspension of the fan assembly could be used to test the shaft torsional 
modes o f the assembly.
■ Each fan blade could be represented by two points and the hub by one point. 
The shaft was represented by four points and the rotor by eight points 
arranged in two layers.
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• The points on the rotor, blades and shaft should be excited in tangential 
vertical and axial direction respectively.
■ Accelerometer should better be placed at the rotor in tangential direction or at 
the center tip on the leading blade in vertical direction to observe shaft 
torsional modes.
■ Shaft torsional modes could be observed accurately. For these torsional 
modes, the magnitudes o f the vectors o f the points on the rotors were larger 
than those on the blades in Star Modal.
• The first three flapping and first three twisting modes that occurred when 
testing the fan according to ASHRAE87.I Standard were merged into four 
modes (Figure 4-11 to Figure 4-14).
■ The frequencies corresponding to rigid body motions could be measured but 
were difficult to display correctly in Star Modal.
• The mode shapes developed in Star Modal were not accurate enough to 
identify the real mode shapes o f the fan impeller especially for higher 
frequencies.
6 .1.4 Finite element analysis o f fan with shaft/rotor assembly 
To get accurate results o f the fan assembly with shafVrotor, the following aspects 
should be used for the modeling in FEA:
■ Using shell elements for both spider and blades.
■ Using solid element for the hub.
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■ Moving spider and blades away a distance equal to the half o f thickness o f
spider and blades.
■ Using solid element for the connecting rivets between spider and blades.
• Using solid element for the shaft/rotor.
■ Using a soft beam to model the rope, the modulus o f  elasticity o f  the beam
should be modified from the spring coefficient o f the rope in the test. The 
change o f the modulus only affected the frequency o f  the first shaft torsional 
mode. Other modes were not affected.
From the finite element analysis o f fan with shaft/rotor, it can also be drawn that;
1. Finite element analysis could give better views o f mode shapes. They could be 
used as references to those mode shapes that obtained in experiments.
2. When rope was modeled using a soft beam;
■ It could predict rigid body motions, flapping, twisting and camber modes 
accurately.
" It could predict all the modes o f  the fan assembly.
■ By modifying the modulus o f elasticity o f the beam, the first shaft 
torsional modes at 45 Hz could be predicted accurately while at the same 
time other modes were not affected.
■ The second shaft torsional mode at 178 Hz merged those two shaft 
torsional modes o f  155 Hz and 192 Hz that were observed in the 
experiment.
■ The second (at 178 Hz) an third (at 249 Hz) shaft torsional modes were 
also collective camber modes.
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3. When boundary conditions were used to describe bearings o f  the shaft/rotor;
■ Accurate result could be obtained for the first and second shaft torsional 
mode, at 43 Hz and 180 Hz respectively.
• The flapping, twisting and camber modes were also close to the 
experimental results o f fan under ASHRAE 87.1 Standard.
■ The first twisting and flapping mode predicted in FEA were merged in the 
experiment o f freely suspended fan assembly.
■ The second shaft torsional mode at 180 Hz was also a collective camber 
mode.
■ It could not predict the third shaft torsional mode at 249 Hz.
4. When rope was modeled using soft solid elements:
■ It could give accurate results for flapping, twisting and camber modes.
■ It could predict rigid body motions accurately.
■ The second shaft torsional mode occurred at 178 Hz, which merged two 
torsional modes at the frequencies of 155 Hz and 192 Hz that were 
observed in the experiment.
■ The second and third shaft torsional modes, at 178 Hz and 249 Hz 
respectively, were also collective camber modes.
■ The first shaft torsional mode occurred at 45 Hz could not be predicted.
5. Using tension-only element and a short beam to model the rope would get
similar results as that using solid elements except that this modeling would
have three more rigid body motions o f the short beam. It could not predict the
first shaft torsional mode occurred at 45 Hz either.
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6.2 Recommendations 
In future studies o f the vibration o f fan impeller, it is recommended that:
• In the modal test o f  fan according to ASHRAE 87.1 Standard, the influence of 
standoff block should be considered in the results even if its lateral frequency 
is far above that o f  the fan o f interest. More experiments are needed to verify 
the effects o f the standoff block on the fan. The experimental results should be 
compared with the analytical results obtained from FEA.
■ Some software packages besides Star Modal might be used to provide better 
views of mode shapes that corresponding to high frequencies.
• When specifying vibration modes o f fan assembly, mode shapes in both 
experiment and FEA should be compared first to make correct identification.
■ The whole fan assembly including fan impeller, motor/drive and motor 
supporting structure should be included in the modeling in the finite element 
analysis, which will provide closer approach to the vibration o f the fan 
assembly in real cases.
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In this Appendix, steps are shown to setup SignalCalc, collect experimental data and 
export data to Star Modal.
A.l Test Type
The SignalCalc setup is initiated by selecting the test type. Here Transfer Function, 
shown in Figure A-1, is selected for the impact test. A new window will open. To add 
more plots to the layout, select Display in the menu bar. In this test. Live XI. Live X2, and 
C/.2 are selected. Live X !  and Live X2 time histories are those signals used in subsequent 
processes (FFT) and signal averaging. C/,2 is the coherence of the signals. Final layout is 
shown in Figure A-2.
Figure A-1. New T ran ter Function
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Figure A-2. Resulting window for Transfer Function 
A.2 Setup Parameter
Once the plots have been selected. Setup Parameters are to be set. There are four 
parameter panels; Measurement Parameters, Sampling Parameters, ADC Indicators and 
Channels. Generally they are put on the left of the layout as shown in Figure A-2. ADC  
Indicators indicate the voltages in channel 1 and 2. It is shown in Figure A-3.
Figure A-3. ADC Indicator
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Parameters on these panels except ADC Indicators are to be set as follows:
1. The Measurement Parameters panel is shown as Figure A-4 and it is set as
follows:
• Select Input in Trigger, this causes the system to wait for the input signal 
trigger conditions.
•  Select Stable in the Type, it sums a preset number of constituents (described 
next) weighting each with equal importance, and the average is automatically 
normalized to the number of constituents.
• Select the number in Avgs, it determines the maximum number of averages in 
a Stable average, in the test the number set to 6.
• The Overlap field accepts entry for the maximum permissible overlap 
between frames averaged as a percentage of the frame length. Generally 50% 
is selected, this allows "recovery” of the information "lost” due to the 
windowing process.
M e a  p u r e m e n t  P a r a r n e f
Figure A-4. Measurement Parameters panel
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2. In the Sampling Parameters panel. Figure A-5. either time span or frequency span 
can be set. Here frequency span is set.
• Move the slide bar o f F span to 312.5 Hz, the maximum frequency can be 
measured is 312.5 Hz.
•  Set the Lines to 800.
S a m p l i n g  P a r a m e t e r ;
Figure A-5. Sampling Parameters panel
3. In SignalCalc. two input channels are available. When an impact test is 
undertaken. Ch# I (channel 1 ) is used as force channel and Ch# 2 (channel 2) as response 
channel. Two parameter groups are needed to be set. One is on Front End tab. The other 
is on Info tab. They are shown in Figure A-6 a and b respectively.
On the Front End tab op>erate as follows:
•  mVÆU (millivolts/measured units) is the sensitivity of the sensor feeding the 
channel. Input 11.000 for Ch#l and 9.867 for CM2. Please refer to 
calibration section in chapter 2.
•  EU  stands for engineering units. So select N  for C M  I and m/s~ for CM2.
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•  In AC Filter, select 5 for both channels.
On the Info tab,
• Type in the point number of the starting forcing site into Cur Pt for ChUI, 
type the point number of the response site into Cur Pt for CA#2.
• In Cur Dir fields, select the directions for the force and motion measurements 
at the Cur Pt(s). Here since the forces and the motion measurements are in c 
directions, select c for both channels.
•  In Pt Inc. enter 1 for C M !  and 0 for CM2. It means the response point (in 
Ch^2) remains fixed and 1 will be added to the current force point number 
after all measurements have been saved.
M  909.09091 111.000
BH 2 1 ^  1013.47927 19.867
\  Front End
a. Front End tab setting
ann.
b. Info tab setting 
Figure A-6. Front End and Info for Channel panel
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A 3 Graph Attributes
Using graph attributes can tailor the format, content and appearance of graphs. Right 
-click on the target graph, a window will jump out as shown in Figure A-7. Graph 
Attributes includes Axis, Trace, Grid, Text, Background, Information and Units.
Using Axi5 attributes to set the range, type of x and/or y axis as follows;
•  Set type of x axis to Log and y axis to LogMag for the response window .
•  The Max (Min) is the maximum (minimum) value of the axis. Here set 312.5 and 
10 for Max and Min on x axis. Set 0.01 and 1000 on y axis respectively.
•  Select Fixed for the range-scaling. The desired axis span will remain unchanged 
regardless of the signal dynamics.
•  Select Engineering for the Label format.
' i t iph  A l t i i b u t e s  H I .  2
Figure A-7 Graph attributes axis tab
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Using other attributes tab can set the grid type, text displayed, background colors, and 
etc. Here we can just use default settings for these attributes.
A.4 Measurements Saving and Exporting
Before starting the test, we need to setup the way of saving and exporting 
measurements so that data could be saved and exported to other software automatically 
after each measurement. In the test, the data are stored in a Run folder and exported to 
SMS Star Modal. All these will be done under Signal Map.
Signal Map is a  tool in SignalCalc that manages what measurements, when and how 
they are stored. Signal Map is shown Figure A-8, it is opened by selecting Test from the 
Signal Analyzer menu bar.
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Rgure A-8. Signal Map
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A.4.1 Measurements Saving 
Run folders are stored by a name and a folder number. The default name used is Run. 
A new folder is stored every time the test is run by incrementing the Run folder number. 
These selections are made in Run Options accessed from View in the main menu. Run 
Option dialog window is shown in Rgure A-9.
Increment
Figure A-9. Run Option dialog
First check Save most recent at test end, this will automatic retention o f the 
measurements whenever End button is pressed.
Then check Auto save on stop button and Confirm b^ore  saving, the first will save 
measurements when Stop button is pressed and the second will cause the query to be 
displayed whenever aitto save is about to happen. They are generally checked together 
for modal analysis.
In Run Folders Number, select Increment. This produces a unique Run folder for each 
test. They are sequentially numbered.
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In Coordinate System, select Rectangular for tests based on ASHRAE 87.1 and 
Cylindrical for tests in which the fan assembly was suspended.
Point/Direction should be checked for modal tests. The point number and direction 
will increment automatically each time a Save is made. For the tests, the force 
measurements would be in such sequence as IZ, 2Z, 3Z, etc. The response would remain 
at 2Z (the location where the accelerometer is put). Also please refer to Info tab discussed 
in section A.2.
A.4.2 Measurements Exporting
The measurements saved are to be exported to other software. This can be done by 
storing measurements in different data formats.
•  In the Signal Map (Figure A-5), right click on the Export Targets icon and select 
the Type o f export. SMS Star Modal should be checked for the test. Figure A -10.
Figure A -10. Export target selection
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Establish the content of SMS Star Files folder by dragging desired signals into it. 
The signals will be used in Star Modal are Hxy — Tranter Function, X I  & X2 — 
Last Time History and C /,2  — Coherence, thus drag these into the SMS folder. 
Right-click on the SMS icon, the Setup fo r  SMS Star Files window will jum p out 
as shown in Figure A -11. Select Increment for Run Folder Number, SMS for Run 
Folder Name and Append fo r  Saves/Run respectively.
S t o r  S M ‘ > ' ) t o r  t i l e s
Increment
Figure A -11. SMS Star files setup
A.5 Test Procedure
Now that SignalCalc is setup and we can start test. Here take the fan assembly based 
on ASHRAE 87.1 Standard as an example. Pick two points on each blade with one point 
representing the hub. Accelerometer is put at point 2. Therefore in the Info tab. Cur Pt in 
Cldll should start from 1 and end at 7, all in z  direction; Cur Pt in Ch^2 should be set to 
2, also in z  direction.
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Press START button in Measurement Parameter panel, hit the hammer on point 1. 
Repeat for six times. Then press Stop, a window will jump out querying whether you 
want to save the measurement or not. Select Yes if  the measurements are correct, 
otherwise click No. It can be noticed if pressing Yes, the number in Cur Pt of C/j#/ will 
be incremented to 2, you can start to hit on point 2; if  pressing No, the number is still 1, 
you can repeat hitting on point I till you are satisfied with the measurements.
Repeat the test till point 7. After saving measurements o f point 7, click End in the 
Measurement Parameter panel
Measurements and signals are saved and exported to SMS Star Modal automatically. 
The modes shapes and frequencies can be observed in Star Modal.
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This appendix describes how SMS Star Modal imports signals from SignalCalc, 
approximates frequencies and identifies mode shapes.
B. 1 Starting New Project 
When Star Modal starts, a Gateway Menu shows up as Figure B -l. Click New Project 
to start a new project. Input the name of the file wanted to save to disk.
I IM * irettm  Qpaoni Ü#»
iû|a?iai m E B IS I BtlnixiHi iineaini r r r m  rrTYm
Figure B -l. Gateway Menu in Star Modal
Then a Project Slate window will jump out, as Figure B-2, querying the number and 
direction o f response point, input 2Z  here.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
150
Project ID : TEST1
Description----------------
Project information
2Z
Test Setup -----------        —
Fixed Excitation Fixed R espon se ^  ODS 
Driving Point DGF :
M easurement Units -  ------------------  Analyzer
^  English Model: SMS^DEMO _1
R esponse: m /s ^   ̂I I j J  Channels: 2
Excitation: N < I I j j  i Address : 0
Qk I Set Default Cancel
Figure B-2. Project Slate window
B.2 Defining Geometry
Next step is to define the geometry o f the fan model. Click Define Geometry in the 
Gateway Menu. Two windows will show up as discussed following.
• The first window-Coordmares is to define the coordinates of the fan. For the 
model based on ASHRAE 87.1 Standard, seven points are used. Therefore input 
coordinates o f these seven points as shown in Figure B-3.
•  In the second window-Display Sequence, select Edit and then Interactive DSQ to 
open Interactive Display Sequence Editor window shown in Figure B-4. This 
window allows us to define the connectivity o f  the fan. Left click on point #l then 
point #2 and right click on point #7, a blade is thus defined. The whole fan can be 
defined similarly by repeating through point #3 to point #6. The resulting Display
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Sequence and Interactive Display Sequence Editor window are shown in Figure 
B-5.
0.00
Point Cfdtn Cfdtt2 D d#3 Component Type
1 270.00 130.00 0.00 FAN R
2 270.00 -130.00 0.00 FAN R
3 ■2242 -298.83 0.00 FAN R
4 -247.58 -188.82 0.00 FAN R
5 -247.58 168.82 0.00 FAN R
6 -2242 298.83 FAN R
7 0.00 0.00 0.00 FAN R
Figure B-3. Coordinates window
1 X
[file ! £dil
Un Cut "X EndPt
▲
kopy X —
Clear Block 
Select AH
Sh/Del 2
insert Line 
delete Lme($) "D
4
1 Clear Table
C
1 8
—
7
V
6 V
Figure B-4, Display Sequence window
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Figure B-5. Resulting Interactive Display Sequence Editor 
and Display Sequence window
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B.3 Identifying Modes 
After defining the geometry o f the fan, click Identify' M odes in the Gateway Menu to 
open the Measurement window shown as Figure B-6. In the measurement window, click 
File then Open to open the files automatically imported from SignalCalc. Default names 
such as sms000366 for these files are used, they are corresponding to the measurements 
saved in SignalCalc.
: Me«jsuiem*rnf
g *  Block £unon Axex Expand Iiace Scaing
000
OQO£l«tfHeasurenieni ^
Fiaq (Hz|
Figure B-6. Measurement window
Select the measurement with degrees-of-freedom by double clicking/Z/enumc.fif The 
measurement will be recalled and displayed in the measurement window, as shown in 
Figure B-7a.
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A set o f FRF  measurements must be “curve fit” in order to identify the modes o f the 
fan. This is done by setting one or more curve fitting bands on a measurement.
•  From the main window, select Table menu and then Clear command. Figure B-8. 
CXeax Autofit and Results o f previous data.
• Change the Y-axis display to log magnitude by click the word Real in Figure B-6, 
in the jumped window. Figure B-9, select LogM ag for both traces.
• Set up a cursor band enclosing the two peaks in the measurement as shown in
Figure B-7a. The Curve Fit Panel should be set as shown in Figure B-7b.
• Click on the Fit button to perform a polynomial fit on the measurement to identify
the parameters o f the three modes.
1 l e q  M r i p o n j c  A ' /  1
Eh Bbefc pn an  E#«id I mc«  ieikig
YH -1220 
YH 1220
YL 15l30 YL 1530 XH: 2531XH 2531
an Fim iIHzI i25.n
Figure B-7a. Measurement for firequency response
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Curve Fit Pa ne l
Coincident 
Quadrature 
Peak
Polynomial
Band: |l | <1 I 4  W Freq & Damp
Low Mode: 1 _ lL J j J  p  Residues
No. of Modes: 3 *1 I j J
r  Fit Error
Set
frt
r  Auto Fit P F it Function
Band 1 .Modes 1 to 3 Polynomial P iU st Results!
Figure B-7b. Curve Fit panel for Frequency Response
Cleaf T able
A u t o f i t
m
Constraints
Coordinates
Deformation
Display Sequence
Modifications
Results
Autofit
Clear |
Close
Figure B-8. Clear table
Real 
Imag 
MaMg__________ _
m m m m
IPhase
P  Both Traces 
flk  I C ancel
Figure B-9. Trace table
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Repeat fitting for the whole frequency range o f the measurement. After all the bands 
have been set up, all other measurements can be automatically curve fit by selecting 
AutoFit in Curve Fit Panel and then clicking Fit. A window will show up as Figure B-10, 
Check Z direction and set point range from I to 7, click Ok. When auto fining has been 
completed, the Results table will contain the modal data obtained from curv e fining the 
measurements.
Ault j  F il F^ te l e i e nc es
Measurement File : 350
P o in t R a n g e  : | 1 | to | 1 | 1“  ALL
D irec tio n s : P X  ( " g
rv  rr
I 7 Z  r p
Q.k Beset C a n c e l
Figure B-10. Auto Fit Preferences window
B.4 Showing Structure 
The final step is to initiate the animated mode shape display. Select Show Structure 
from the Gateway Menu, a display o f the modes shapes o f the fan will be displayed, as 
shown in Figure B-11. View Control panel opened from Animation could be used to 
control the animation speed, result display type, view directions, and etc.
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Figure B-l l. Window showing result
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This appendix introduces the calibration of accelerometer and impact hammer. The 
instruments needed for calibration are also described.
C. 1 Accelerometer Calibration
When calibrate the impact hammer, accelerometer will be used, therefore 
accelerometer should be calibrated first before impact hammer is calibrated.
Figure C-1 shows the accelerometer calibrator used to calibrate accelerometer. The 
data o f accelerometer calibrator is listed in Table C-1.
Figure C -1. Accelerometer calibrator
Table C -l. Accelerometer calibrator data
Model No. 394C06
Serial No. 1566
Acceleration 9.8 m/s'^2
Frequency 159.2 Hz
Max Load 210g
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The accelerometer is attached to the calibrator using wax and connected to a power 
unit by a cable. Then the power unit is connected to the computer using cable. The volt 
sensitivity of the accelerometer was converted as in following equation and entered into 
SignalCalc (CA#2, mvlEU  in Figure C-2).
^m V l
Volt Sensitivity: g
^m /s-^9.8
I  g
mV
m/s*
(C-1)
Input Generakxl
Cti» Active R vm getao mV/OI
 I 1 _  13__909.09091 11.000
 I 2 gg 1013.47927 9.867 ^
EU AC Filer (Hz)
  5
\F rontEnd A Measurement X info XTrigger /(Comment/ : l l i r
Figure C-2. Channel panel in SignalCalc
Once the volt sensitivity is entered, the frequency range and number o f line of 
resolution can be settled. In this calibration, they are set to 312.5 Hz and 800 lines 
respectively. Figure C-3. Other values can be set too.
The calibrator is then turned on. Since the forces are digitized and the curve is 
averaged over each discrete signal, following equation is used to get a smooth approach.
Y
V2
= CaLaccel (C-2)
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i q  P a r a m e t e r :
F Span: ___„ ■ „ !_____
Lines: |800 7TTTT A
F r  T r Zoom : -re-  [ô^ôûûô
F Spam 312500 Hz dF: 390.625m
T Spam 2580 Sec dT: 1.250m
Figure C-3. Setting o f Sampling Parameter
Where Y is the max. value in the averaged curve, Cal. accel. is the acceleration o f 
calibrator. Here Cal. accel. = 9.8m /s\ Y= 13.86. The accelerometer sensitivity is adjusted 
until Y is approximately 13.86. The accelerometer is thus calibrated.
C.2 Impact Hammer Calibration 
Next is to calibrate the impact hammer. To do this, a known mass should be 
suspended as a pendulum using two cords and the accelerometer should be attached to 
one end o f the mass. The impact hammer is connected to the computer same manner as 
the accelerometer is connected to the computer. The other end o f the mass is impacted by 
the impact hammer. Figure C-5 shows the setup o f  the hammer calibration. The impact 
force by impact hammer is:
F = ma (C-3)
The frequency response in SignalCalc is:
a 1 
F m
(C-4)
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The sensitivity o f  impact hammer is adjusted until the magnitude of frequency response 
equaled to 1/m. During the calibration, the coherence window should be better to kept at 
one. In this calibration, the sensitivity o f the hammer is equal to 11.000 (CA#1, mvlEU  in 
Figure C-2). Thus the impact hammer is calibrated.
Figure C-5. Setup o f impact hammer calibration
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This appendix presents a typical program used in ANSYS for modal analysis. This 
program was used for analysis o f the freely suspended fan model in which the rope was 
modeled as a soft beam element. The program mainly consists the command used in 
ANSYS. Explanations and comments of these commands will be also included in the 
program. Only a few parts need to be changed when converting from this model to 
different models.
The following is part o f the ANSYS program.
/FILNAME, rope beam,
/PREP7
/TITLE, Rope Modeled using Beam Elements
IFile name o f the program
ITitle o f this model
ET, 1,SHELL63,„„2,2,1 ! Define shell element for the fan blades and spider
ET.2,SOLID73 ! Define solid element for the shaft/rotor, hub and rivets
ET,3,BEAM4 ! Define beam element for the rope
R, 1,0.360000E-01, ! Thickness o f elements used for the blades
R,2,0.600000E-01, ! Thickness o f elements used for the spider
R3.0.1963/4,3.068E-3/4,3.068E-3/4,0.5/2,0.5/2,90 !Real constant for beam
element
MP,EX,I,0.280000E+08 ! Material 1 for the blades is steel 
MP,PRXY, 1,0.29000 ! Poisson s ratio
M PALPX,1,0.990000E-05 ! Thermal coefficient
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MPT)ENS, 1,0.7500005-03 
MP,C, 1,46.0000 
MP,KXX, 1,0.2200005-03
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! Density o f the material No. I
! Create material properties for material 2 & 3
CSYS,0
K,438,0.000000,0.000000,0.000000 
K,439,1.00000,0.000000,0.000000 
K,440,0.000000,1.00000,0.000000 
CSKP, 13.0,438,439,440
! Define key points to define nodes later
CSYS.O
K.441,0.000000,0.000000,0.000000 
K,442,0.913545,0.406737,0.000000 
K,443,0.000000,0.000000,1.00000 
CSKP,l4,0,44l,442,443
CSYS.O
K,444,0.000000,0.000000,0.000000 
K,445,1.00000,0.000000,0.000000 
K,446,0.000000,0.000000,1.00000 
CSKP, 15,0,444,445,446
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CSYS.O
y_down=-0.048
Inodes 1-48 are for spider, blade nodes are moved down, from 8001-8048 
N, 1 ,-0.101354,-0.4539605-01,2.68237 
N,2,-0.103663,-0.4644015-01,2.57160 
N,3,-0.3133535-01 ,-0.1402325-01,2.50427
N,49,-0.402083,-0.183299+y_down,2.34400 (Define nodes corresponding to blade 
N,50,-0.439887,-0.200989-Hy_down,2.46311 
N,51 ,-0.493882,-0.226410+y_down,2.57134
'.Add layers o f nodes for the shaft 
D5LTA=0.25 (Height o f  elements
*DO,I,0,25.1
N.6600+I* 13.-0.216506,0+I*D5LTA,0.125000 
N.6601+I* 13,-0.125000,0-i-I*D5LTA,0.216506
N,6611+1*13,-0.250000,0+I*D5LTA,0.000000 
N,6612+1* I3,0.000000,0+PD5LTA,0.000000 
*5NDDO
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INodes o f rotor-outer part 
out_hgt=3.25 
out_scl=5.8256 
*0 0 ,1,0,8,1
N,7000+I* 13,-0.216506*out_scl,out_hgt+I*DELTA,0.125000*out_scl 
N,7001+I* 13,-0.125000*out_scl,out_hgt+I*DELTA,0.216506*out_scl
N,70 lO+I* 13,-0.216506*out_scl,out_hgt+I*DELTA,-0.125000*out_scl 
N,701 l+I* 13,-0.250000*out_scl,out_hgt+I*DELTA,0.000000*out_scl
(Nodes o f rotor-inner part 
in_scl=4.375
N,9000+I* 13,-0216506*in_scl,out_hgt+I*DELTA,0.125000*in_scl 
N,9001+I* 13,-0.125000*in_scl,out_hgt+I*DELTA,0.216506*in_scl
N,9010+I* 13,-0.216506*in_scl,out_hgt+I*DELTA,-0.125000*in_scl 
N,901 l+I* 13,-0.250000*in_scl,out_hgt+I*DELTA,0.000000*in_scl 
*ENDDO
(Nodes of hub 
*00,1,0,4,1
N,7200+I*33,-0.324759,I*DELTA,0.187500 
N,720l+I*33,0.3247594*OELTA,0.187500
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N,7213+1*33,0.373816,I*DELTA,0.104158 
N,7214+I*33,-0.967048E-01,I*DELTA,-0.375814 
'.outer circle
N,7215+1*33,0.433013,I*DELTA,0.250000 
N,7216+I*33,0.320750,I*DELTA,0.383571
N.7231+I*33,0.492557,I*DELTA,0.859926E-01 
N,7232+I*33,-0.171807,I*DELTA,-0.469563 
*ENDDO
(Create nodes for the rope
Iayer=32
btm_hgt=6.25
N,9212,0.000000,btm_hgt,0.000000 
N,9213, 0.000000,btm_hgt+ layer,0.000000
TYPE, 1 (create shell elements o f the blade, each element consists 4 nodes
MAT,1
REAL,1
EN, 1,8001,8002,8012,8012,
EN%8002,8003,8014,8014,
EN,3,8003,8004,8015,8015,
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MAT,2 (create shell elements for the spider, each element consists 4 nodes 
REAL,2
EN,6574,1,2,12,12,
EN,6575,2,3,I4,14,
EN,6576,3,4,15,15,
(create solid elements for the shaft, each element consists 8 nodes
TYPE,2
MAT,2
*0 0 ,1,0 ,24,1
EN, 10600+1* 12,6612+1* 13,6600+1* 13,660 l+I* 13,6602+1*13,6612+(I+1)* 13,6600+ 
(1+1 )* 13,6601 +(I+1 )* 13,6602+(I+1 )* 13,
EN, 10601 +1* 12,6612+1* 13,6602+1* 13,6603+1* 13,6604+1* 13,6612+(I+1 )* 13,6602+ 
(1+1 )* 13,6603+(I+1 )* 13,6604+(I+1 )* 13,
EN, 10605+1* 12,6612+1* 13,6610+1* 13,661 l+I* 13,6600+1* 13,6612+(I+1)* 13,6610+ 
(I+1)*13,6611+(I+I)*13,6600+(I+1)*13,
*ENDDO
(create solid elements for the rotor(-inner part) using loop 
*00,1,1,6,1
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EN, I lOOO+I* 12,6600+169+1* 13,6601+169+1* 13,9001+1*13,9000+1* 13,6600+169+( 
1+1)* 13,6601+169+(l+1 )* 13,9001+(1+1)* 13,9000+(1+1)* 13,
EN, 11001+1* 12,6601+169+1* 13,6602+169+1* 13,9002+1* 13,9001 +1*13.6601+169+( 
1+1 )*13,6602+169+(l+1 )* 13,9002+11+1 )* 13,9001 +(1+1 )* 13,
EN,11010+1*12,6610+169+1*13,6611+169+1*13,901 l+l*13,9010+l*13.6610+169+( 
1+1 )* 13,6611+169+(l+1)* 13,9011+(1+1 )* 13,9010+(1+1 )* 13,
EN, 11011+1*12,6611+169+1* 13,6600+169+1* 13,9000+1* 13,9011+1* 13.6611+169+( 
1+1)* 13,6600+169+(l+1 )* 13,9000+(l+1 )* 13,9011 +(1+1 )* 13,
*ENDDO
(create solid elements for the rotor(-outer part)
*0 0 ,1,0,7,1
EN, 12300+1* 12,9000+1* 13,9001+1* 13,7001+1* 13,7000+1* 13,9000+(l+1 )* 13,9001 + 
(1+1 )* 13,7001+(1+1 )* 13,7000+(l+l )* 13,
EN,12301+1*12,900I+1*13,9002+1*13,7002+1*13,7001+I*13,9001+(I+1)*13,9002+ 
(1+1 )* 13,7002+(l+1 )* 13,7001 +(1+1 )* 13,
EN.12310+1*12,9010+1*13,9011+1*13,7011+1*13,7010+1*13,9010+(1+1)*13,9011+ 
(1+0*13,7011+(1+1)*13,7010+(1+1)*13,
EN, 12311+1*12,9011+1* 13,9000+1* 13,7000+1* 13,7011 +1* 13,9011+(1+1 )* 13,9000+ 
(1+1 )* 13,7000+(1+1)* 13,7011+(1+1 )* 13,
*ENDDO
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(create hub elements
TYPE,2
X=36
♦DO,l,0.3,l
EN, 12 10 1 +1*X,7217+1*33,7218+1*33,7204+1*33,7205+1*33,7217+(l+1 )*33,7218+( 
1+1 )*33,7204+(l+1 )*33,7205+(l+1 )*33,
EN, 12102+l*X,7204+l*33,7218+1*33,7219+l*33,7203+l*33.7204+(l+1 )*33,7218+( 
1+1 )*33,7219+(l+1 )*33,7203+(l+1 )*33,
EN,12II6+l*X,7201+l*33,72I3+l*33,723I+l*33,72I5+l*33,720l+(l+l)*33.72l3+( 
1+0*33,723 l+(l+l)*33,72I5+(l+l)*33,
EN, 12 II 7+l*X,7216+1*33,7201 +1*33,7215+1*33,7215+1*33,7216+(l+1 )*33,7201 +( 
1+0*33,7215+(l+0*33,7215+(l+1 )*33,
(inner circle
EN, 12118+1*X,7211 +1*33,7207+1*33,6610+1* 13,6611+1*13,721 l+(l+l)*33,7207+( 
1+1)*33,6610+(1+1)*13,6611+(1+1)*13,
EN, 12119+l*X,7202+l*33,7200+l*33,6600+l* 13,6600+1* 13,7202+(1+1 )*33,7200+( 
1+1 )*33,6600+(l+1 )* 13,6600+(1+1)* 13,
( EN, 12133+l*X,7207+l*33,6611+1* 13,6610+1* 13,6610+1* 13,7207+(l+ 0*33,6611 + 
(1+1)*13,6610+(1+1)*13,6610+(1+1)*13,
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EN,12134+I*X,7211+1*33,7200+1*33,6600+1*13,6611+1*13,721 l+(l+l)*33,7200+( 
1+1)*33,6600+(1+I)*13,6611+(1+1)*13,
*ENDDO
(create solid elements for rivets, each rivet consists 5 solid elements
MAT,2
TYPE,2
EN, 12000,8,11,10,10,8008,8011,8010,8010 
EN, 12001,8,9,10,10,8008,8009,8010,8010 
EN, 12002,8,11,12,16,8008,8011,8012,8016 
EN, 12003,16,12,13,15,8016,8012,8013,8015 
EN, 12004,14,13,15,15,8014,8013,8015,8015
EN, 12040,1235,1259,1239,1239,8235,8259,8239,8239 
EN, 12041,1239,1235,1257,1257,8239,8235,8257,8257 
EN, 12042,1239,1257,1255,1243,8239,8257,8255,8243 
EN, 12043,1243,1255,1251,1247,8243,8255,8251,8247 
EN, 12044.1247,1251,1261,1261,8247,8251,8261,8261
(create beam elements for the rope, the rope is modeled as one beam
TYPE,3
MAT,3
REAL,6
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EN,l300l,6937,9628,
(constrain the end nodes o f the rope
D,9212+32*13,UX,0.0 
0,9212+32* 13,UY.O.O 
0,9212+32* 13,UZ,0.0
(Constrain translation in x 
(Constrain translation in y 
( Constrain translation in z
( specifies modal analysis 
( specifies subspace iteration, first 20 modes
FINISH 
/SOLUTION 
ANTYPE,MOOAL 
MOOOPT,SUBSPCE,30 
SOLVE 
FINISH 
/SOLUTION 
EXPASS,ON 
MXPAND,30,„YES 
OUTRES,ALL,ALL 
SOLVE 
FINISH
/POST I (calls up postprocessor
SET,LIST ( displays table of calculated results
SAVE, rope_beam,db,c:\ ( Save data base
(activates the expansion pass for modal analysis
(calls for 30 modes and complete calculation 
(writes all results to .db file
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